Diffraction dissociation in elementary particle reactions by Walters, P. J.
Durham E-Theses
Diﬀraction dissociation in elementary particle reactions
Walters, P. J.
How to cite:
Walters, P. J. (1974) Diﬀraction dissociation in elementary particle reactions, Durham theses, Durham
University. Available at Durham E-Theses Online: http://etheses.dur.ac.uk/8352/
Use policy
The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or
charge, for personal research or study, educational, or not-for-proﬁt purposes provided that:
• a full bibliographic reference is made to the original source
• a link is made to the metadata record in Durham E-Theses
• the full-text is not changed in any way
The full-text must not be sold in any format or medium without the formal permission of the copyright holders.
Please consult the full Durham E-Theses policy for further details.
Academic Support Oﬃce, Durham University, University Oﬃce, Old Elvet, Durham DH1 3HP
e-mail: e-theses.admin@dur.ac.uk Tel: +44 0191 334 6107
http://etheses.dur.ac.uk
DIFFRACTION DISSOCIATION IN 
LEMENTARY PARTICLE REACTION 
1 N ( V S ) 
P = ' (p*pf) 
i 
FIG 49 
A 
9 
FIG 50 
DIFFRACTION DISSOCIATION IN 
ELEM3NTARY PARTICL3 REACTIONS 
THESIS SUBMITTED TO 
THE UNIVERSITY 0? DURHAM 
BY 
AVRTCX J . V,'ALTERS , 3.Sc. (DURHA-) PATR 
FOR T Hi DEC-RRS OF DOCTOR OF PHILOSOPHY 
The copyright of this thesis rests with the author. 
No quotation from it should be published without 
his prior written consent and information derived 
from it should be acknowledged. 
l 2 0 JAHW76 
S t OHO* 
DEPARTMEivT OF ±'HI SI OS 
DURM UNIVERSITY DAT: 
Page 
A c kn o v/ 1 e d ge m e nt s 
Abstract 
Chapter 1 
Chapter 2 
A survey of some t o p i c s r e l a t e d 
t o d i f f r a c t i o n s c a t t e r i n g and 
auark models 
1 .1 
1 o2 
1.3 
1.4 
1.5 
I n t r o d u c t i o n 
D i f f r a c t i o n s c a t t e r i n g and 
the o p t i c a l analogy 
Models f o r d i f f r a c t i o n 
s c a t t e r i n g 
The i n t e r n a l s t r u c t u r e of 
hadrons 
( i ) Dual .nodels 
( i i ) 4uark .models 
The p r o p e r t i e s and mechanism of 
d i f f r a c t i o n d i s s o c i a t i o n 
2.1 I n t r o d u c t i o n 
2.2 The dependence of d i f f r a c t i v e 
cross-sections on the 
fragmentation mass and the 
problem of i s o l a t i n g the 
quasi-two body c o n t r i b u t i o n 
2.3 Possible mechanisms f o r 
d i f f r a c t i o n d i s s o c i a t i o n 
(a) 
(b) 
(c) 
D i f f r a c t i v e resonance 
e x c i t a t i o n 
The Deck mechanism and 
the T i u l t i p e r i p h e r a l 
p i c t u r e 
I n t e r m e d i a t e or h y b r i d 
p i c t u r e a r i s i n g f r o m d u a l 
models 
6 
7 
The Regge c l a s s i f i c a t i o n scheme 21 
23 
27 
32 
41 
42 
43 
45 
49 
- 3 -
Chapter 3 A phenomenological a n a l y s i s of 
d i f f r a c t i o n d i s s o c i a t i o n r e a c t i o n s 
3.1 I n t r o d u c t i o n 50 
3.2 The covaria n t approach t o 
Regge physics 52 
3.3 s-channel h e l i c i t y v e r t i c e s 
and boson d i s s o c i a t i o n 56 
3.4 Fermion h e l i c i t y v e r t i c e s 58 
3.5 Morrisons r u l e and c o v a r i a n t 
couplings 61 
3.6 Pr e l i m i n a r y discussion t o the 
data f i t s 62 
3.7 Data f i t s 63 
Chapter 4 Some attempts to u n i f y d i f f r a c t i o n 
s c a t t e r i n g by using the idea of 
c o n s t i t u e n t s 
4.1 I n t r o d u c t i o n 67 
4.2 The d r o p l e t model 68 
4.3 A ' d i f f i c u l t y of the non-
r e l a t i v i s t i c quark model 73 
4.4 The C a r l i t s , FrHutschi, 
Zweig quark model 74 
4.5 The t w i s t e d loop dual quark 
model 78 
Chapter 5 Some approaches to r e l a t i v i s t i c 
quark models 
5.1 I n t r o d u c t i o n 82 
5.2 Covariant wave-functions and 
the Bethe Salpeter equation 84 
5.3 R e l a t i v i s t i c v/avefunctions 
from p h y s i c a l considerations 86 
5.4 The j'eynman, Kis l i n g e r , 
Ravndal quark model 88 
5.3 The Bethe Salpeter quark model 
of Bonn., Joos and Krammer 95 
-4--
Chapter 6 A r e l a t i v i s t i c quark model f o r 
mesons 
6.1 I n t r o d u c t i o n 98 
6.2 The model 101 
6.3 Properties of the wave-
fu n c t i o n s 105 
6.4 The s o l u t i o n s 107 
6.4.1 PC = -1 107 
6.4.2 PC = +1 109 
6.5 A p p l i c a t i o n s 112 
6.5.1 Lepton decays of 
pseudoscalar and 
vector mesons 112 
6.5.2 M a t r i x elements of 
the vector c u r r e n t 113 
6.5.3 Meson decays by 
emission of a pseudo-
scala r meson 115 
6.6 Conclusions 117 
Chapter 7 R e l a t i v i s t i c quark models and 
d i f f r a c t i o n d i s s o c i a t i o n 
7.1 I n t r o d u c t i o n 120 
7.2 D i f f r a c t i o n d i s s o c i a t i o n i n 
the ?.K.R. model 122 
7.3 The Bethe Salpeter quark 
model applies t o meson 
d i s s o c i a t i o n 124 
7.4 A p p l i c a t i o n of the l i n e a r -
ized o s c i l l a t o r quark model 
to d i f f r a c t i v e s c a t t e r i n g 127 
Chapter 8 Conclusions ' 131 
References 135 
Appendix 1 
Appendix 2 
Appendix 3 
Appendix 4 
Appendix 5 
Basic conventions 140 
Oovariant couplings f o r 
v e r t i c e s and some theorems 
f o r fer.nion v e r t i c e s 143 
Covariant couplings f o r 
and s-channel h e l i c i t y v e r t i c e s 
f o r bosons 145 
The s o l u t i o n t o the l i n e a r i z e d 
o s c i l l a t o r model f o r mesons 147 
The decay 
an example c a l c u l a t i o n 165 
Table captions 
Tables 
Figure captions 
1 o | 
168 
185 
Ac CTo_wledge nent 
I would li.<:e t o than:: Fred G-ault f o r 
.invaluable help and advice at a l l stages of t h i s 
work and also f o r c o l l a b o r a t i o n on various aspects 
of i t . :<ly thanes also to A l i s o n Thomson f o r 
c o l l a b o r a t i o n on the quark model work and also f o r 
many h e l p f u l suggestions. 
'The support of an S.il.G. research studentship 
i s also acknowledged. 
Abstract 
We extend the r e s u l t s f o r asymptotic s-channel 
v e r t i c e s i n terns of covariant couplings t o high s p i n 
fermion and boson production. The formalism i s a p p l i e d 
t o d i f f r a c t i o n , considered as proceeding by pomeron 
exchange. I t i s found t h a t the pomeron couples i n a 
s i m i l a r manner to a vector o b j e c t . I n p a r t i c u l a r the 
hypothesis i s made t h a t the porneron c o u p l i n g t o the 
M —^ N* ve r t e x i s X ^ . This i s supported by f i t s t o 
the N ~ ^ N* (*'Z j 1520; Vz+> 1688) data. The 
behaviour of the pomeron as a vector object i s understood 
i n the quark model and i t i s seen t h a t most of the f e r n i o n 
data can be described i n an S\J(6)tf quark model. The 
breakdown of the approach f o r boson d i f f r a c t i o n 
d i s s o c i a t i o n i s noted, as spin o r b i t terms are needed t o 
reproduce the data. 
A r e l a t i v i s t i c quark model i s presented f o r 
mesons w i t h spin '/^  quarks which i s c l o s e l y r e l a t e d to 
the n o n - r e l a t i v i s t i c harmonic o s c i l l a t o r model. The 
conventional quark model spectrum i s reproduced w i t h 
p a r t i c l e s l y i n g on s t r a i g h t Regge t r a j e c t o r i e s , although 
the masses p r e d i c t e d f o r the PO =-t| s t a t e s are l a r g e . 
The most i n t e r e s t i n g f e a t u r e of the wave-functions i s 
the n a t u r a l i n c l u s i o n of s p i n - o r b i t terms which i s 
suggestive of the "current : l quark approach. The 
comparison of the model p r e d i c t i o n s w i t h the data i s 
encouraging and they include meson decay widths f o r 
emission of a pseudoscalar or a photon. D i f f r a c t i o n 
d i s s o c i a t i o n i s also considered in- the .node! and the 
i n c l u s i o n of s p i n - o r b i t i n t e r a c t i o n r e c t i f i e s so.ne of 
the d i f f i c u l t i e s of the SU(6) wmodel a p p l i e d to meson 
d i s s o c i a t i o n . 
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1. A survey of some t o p i c s r e l a t e d t o d i f f r a c t i o n 
s c a t t e r i n g and quark models 
1 .1 I n t r o d u c t i o n 
The aim of t h i s chapter i s t o survey some of 
the background m a t e r i a l t o d i f f r a c t i o n s c a t t e r i n g and 
quark models, which are the main subjects of t h i s t h e s i s . 
D i f f r a c t i o n s c a t t e r i n g e x i s t s i n p a r t i c l e 
physics i n analogy t o o p t i c a l d i f f r a c t i o n because 
p a r t i c l e s have wave p r o p e r t i e s . Just as i n the 
o p t i c a l case, the main fe a t u r e s of the s c a t t e r i n g may 
be deduced wi t h o u t i n v o k i n g any d e t a i l e d dynamics. 
For instance, i f the n o t i o n of d i f f r a c t i o n i s to have 
any meaning, i t must be possible t o r e l a t e the t o t a l 
c r o ss-section and the d i f f r a c t i v e slope. Also simple 
arguments p r e d i c t which s t a t e s may be produced 
d i f f r a c t i v e l y as w e l l as the h e l i c i t y s t r u c t u r e of the 
amplitudes. F i n a l l y the observation of approximate 
energy independence f o r d i f f r a c t i v e cross-sections i s 
e a s i l y made p l a u s i b l e i n t h i s view. 
I t might be expected t h a t the above p r e d i c t i o n s , 
which are i n impressive agreement w i t h data, would emerge 
as a matter of course from more s o p h i s t i c a t e d t h e o r i e s , 
but t h i s i s not the case. The c h a r a c t e r i s t i c procedure 
of present dynamical, but nevertheless p a r t i a l t h e o r i e s , 
i s t o r e l a t e d i f f r a c t i o n t o other processes without 
a u t o m a t i c a l l y i n c o r p o r a t i n g any p h y s i c a l concept of 
d i f f r a c t i o n . Most notable i n t h i s respect i s Regge 
0 
- I O -
theory where d i f f r a c t i o n i s unhappily u n i t e d w i t h 
p a r t i c l e exchange processes. C l e a r l y the c o r r e c t 
method i s t o b u i l d up the d i f f r a c t i v e amplitude from 
models of the i n e l a s t i c production processes. This 
i s the procedure of the m u l t i p e r i p h e r a l class of models, 
however the approximation scheme i s u n r e a l i s t i c . The 
most promising approach i s the vector meson f i e l d 
t heory of Cheng and V/u and i t i s i n t e r e s t i n g t h a t i t i s 
t h i s theory which i s most c l o s e l y r e l a t e d t o the naive 
d i f f r a c t i o n p i c t u r e . 
Given the hypothesis t h a t hadrons are b u i l t 
up from three basic c o n s t i t u e n t s , the quarks, then the 
SU(3), s p i n , p a r i t y and G p a r i t y spectrum of hadrons i s 
reproduced. This success i s made a l l the more 
i n c r e d i b l e by the f a c t t h a t no f r e e quarks have ever 
been observed. I t i s s t i l l p ossible to hope t h a t 
quarks e x i s t but have very high masses, c e r t a i n l y 
l a r g e r than 4 GeV, but even t h i s i s u n l i k e l y because 
one of the quarks i s s t a b l e and so should be detected 
i n cosmic rays i f quarks can be produced a t a l l . 
Consequently quarks must be considered i n some way 
inseparable from hadrons and at l e a s t i n t h i s sense 
f i c t i t i o u s . 
Presumable quark model r e s u l t s w i l l emerge 
from some f u t u r e b o o t s t r a p scheme, but i n the meantime 
the quark model may be used t o a b s t r a c t r e s u l t s , 
w i t h o u t of course e x t r a c t i n g so much as to imply 
p h y s i c a l quarks. The most magnificent success of t h i s 
aoproach i s the Gell-Mann c u r r e n t commutation r e l a t i o n s 
- I I -
and the associated c h i r a l 3U(3) ® SU(3) charge 
algebra. 
I t i s i n t e r e s t i n g to spectulate on which 
bootstrap scheme i s l i k e l y to accommodate the quark 
model r e s u l t s . The basic bootstrap idea i s to assume 
t h a t there e x i s t s a unique set of p a r t i c l e s , the 
p h y s i c a l ones, which are c o n s i s t e n t w i t h u n i t a r i t y , 
a n a l y t i c i t y , Lorentz invariance and c r o s s i n g . The 
conventional approach t o t h i s hypothesis i s t o consider 
a l i m i t e d sector of the p a r t i c l e spectrum and attempt, 
i t e r a t i v e l y t o produce consistency. C l e a r l y any f i n i t e 
scheme l i k e t h i s i s inadequate because of the l a r g e and 
probably i n f i n i t e numbers of p a r t i c l e s i n the a c t u a l 
spectrum, a l l of which are i n some sense e q u a l l y 
s i g n i f i c a n t . The only reasonable way of i n c l u d i n g 
democracy i s to assume a l l the p a r t i c l e s from the 
beginning i n some approximation t o the p h y s i c a l spectrum 
and to t e s t whether a s o l u t i o n of t h i s form can be b u i l t 
c o n s i s t e n t w i t h the general p r i n c i p l e s . This i s the 
approach of the dual models where the f i r s t 
approximation i s to t r e a t a l l p a r t i c l e s as s t a b l e , or 
e q u i v a l e n t l y to p o s t u l a t e s t r a i g h t Regge t r a j e c t o r i e s . 
With t h i s assumption a f i n i t e set of models, the dual 
models, can be constructed s a t i s f y i n g a l l the general 
c o n d i t i o n s f o r a p h y s i c a l theory except u n i t a r i t y . 
The spectrum r e s u l t i n g from these models i s very 
i n t e r e s t i n g because although i t f a i l s t o in c l u d e SU(3) 
symmetry, the sp i n , p a r i t y and G p a r i t y p r o p e r t i e s are 
the same as the quark model. Of course there are many 
defects of the model i n c l u d i n g anomalous space time 
dimensions; however, given the spectrua success i t 
i s encouraging to hope t h a t the successful quark 
model r e s u l t s may emerge i n dual models. 
This conclusion i s r e i n f o r c e d by the f a c t 
t h a t present dual models already have a parton 
i n t e r p r e t a t i o n , and thus quarks and bootstrap p i c t u r e s 
may be complementary ideas i n a f u t u r e theory. 
1.2 D i f f r a c t i o n s c a t t e r i n g and the o p t i c a l analogy 
To o b t a i n a general idea of the type of cross-
sections t y p i c a l of d i f f r a c t i o n we begin by cons i d e r i n g 
the most extreme case where hadrons are assumed to act 
li:ce completely absorbing black d i s c s . I n the impact 
parameter r e p r e s e n t a t i o n the s c a t t e r i n g amplitude f o r 
e l a s t i c s p i n l e s s s c a t t e r i n g i s given by 
wnere -L[b)^ &, _ / 
jg. i s the impact parameter, Cf^ the momentum of the 
outgoing p a r t i c l e and %•(&) i s the e i k o n a l . The 
c o n d i t i o n f o r complete absorption w i t h i n a r a d i u s R 
and no absorp t i o n outside i s 
S u b s t i t u t i n g c o n d i t i o n (1-2) i n t o equation .1-1) gives 
the r e s u l t 
fne d i f f e r e n t i a l cross-section i s then given by 
which may be r e - w r i t t e n at small momentum t r a n s f e r 
i n the form 
i s « T e * ^ ^ ) 0-s) 
I f we take the hadron radius t o be given by 
the pion Co npton wavelength R . ~ n a t . u n i t s 
then we c o r r e c t l y estimate the d i f f r a c t i v e slope t o be 
approximately 10 nat. u n i t s . Of course t h i s model 
p r e d i c t s o s c i l l a t i o n s i n the d i f f e r e n t i a l cross-
sections and tne wrong r e l a t i o n s h i p between the e l a s t i c 
and i n e l a s t i c cross-sections (^u-^j - 2.(3^ ) 'wt these 
d e t a i l s depend s t r o n g l y on the sharpness of the 
absorption edge. 
The simple shadow s c a t t e r i n g p i c t u r e also 
p r e d i c t s s-channel h e l i c i t y conservation (S.C.H.C.) f o r 
e l a s t i c s c a t t e r i n g . To prove t h i s v/e need only show 
t h a t f r e e propagation of a .wave conserves s-channel 
h e l i c i t y . C l e a r l y the t o t a l angular momentum J i s a 
constant of the motion ( i . e . |f ~y} — O ) 
and. hence we can deduce t n a t ^-^~= ^ ' ^  = 
% • A ^ ) - ° ) i s a constant and. t h i s i s j u s t the s-channel 
h e l i c i t y . Of course other components of J are 
preserved, we could f o r instance choose , but here 
the o r b i t a l and spin angular momentum components mix. 
V/e now proceed to chec!c t h i s r e s u l t i n d e t a i l f o r 
d i f f r a c t i o n of a spinor o b j e c t . 
The problem i s to solve the f r e e Dirac 
equation subject t o boundary c o n d i t i o n s appropriate 
f o r a d i f f r a c t i v e system as shown i n f i g . 1. This 
i s .most e a s i l y accomplished using the Green' f u n c t i o n 
technique, the Green's f u n c t i o n f o r a spinor object 
being given by 
where Q~ f x , y ' ). i s the scal a r Green's f u n c t i o n , which 
i s given by 
The Green's f u n c t i o n s a t i s f i e s the equation 
From the f r e e Dirac equation and the equation f o r the 
Green's f u n c t i o n we ob t a i n the i n t e g r a l equation (1-8) 
f o r the wave-function 
w i t h s ^ ( y . v ) - X fe.*')K> 
Using Gauss' theorem, equation (1-8) may be r e - w r i t t e n 
as an i n t e g r a l over the surface 5 shown i n f i g . 1. 
s 
where f\ i s a u n i t vector normal t o surface S. Taking 
the l i m i t as sc—> equation ( 1 - 9 ) reduces 
t o the form 
S1 
The i n t e g r a l over the hemisphere at i n f i n i t y vanishes 
so we need only consider the surface 2. = 0 where the 
absorption taxes place. I f the absorption doesn't 
a f f e c t the h e l i c i t y then the wave-function on the 
surface i s p r o p o r t i o n a l t o the i n c i d e n t wave U.^^>)Jl 
where A i s the i n i t i a l h e l i c i t y , which may be taken f o r 
d e f i n i t e n e s s t o be+'/x . Then from equation ( 1 - 1 0 ) we 
obta i n the r e s u l t 
O 
J 
which i s j u s t a spinor w i t h h e l i c i t y i n the d i r e c t i o n of 
the outgoing momentum and hence we have S.C.H.C. The 
r e s u l t i s also e a s i l y proved f o r d i f f r a c t i o n of e l e c t r o -
magnetic waves. [ I "J . I t i s remarkable t h a t t h i s naive 
p r e d i c t i o n i s s t r o n g l y supported by the experimental 
evidence a v a i l a b l e on e l a s t i c processes. 
The success of t h i s argument f o r S.C.H.C. 
depends on the assumption t h a t the absorption does not 
a l t e r the h e l i c i t y . I n o p t i c s t l i s w i l l be f a l s e i f the 
d i f f r a c t i o n system, has p o l a r i z a t i o n p r o p e r t i e s (other 
than c i r c u l a r ) - Thus consider l i g h t of a d e f i n i t e 
p o l a r i z a t i o n s t a t e (say r i g h t - h a n d c i r c u l a r ) 
i n c i d e n t upon the d i f f r a c t i o n syste:n, then the 
p r e f e r e n t i a l absorption of one of the perpendicular 
p o l a r i z a t i o n states of which the i n c i d e n t wave i s 
composed, w i l l produce some left-handed h e l i c i t y 
photons as i n equation ( 1 - 1 2 ) below 
|«. H > - j ^ ( V-> + l«>) (->|J£>+>ll») 
(|L-H>) i s a r i g h t - ( l e f t - ) handed 
h e l i c i t v s t a t e and U > and i M> are states w i t h 
p o l a r i z a t i o n perpendicular t o .the i n c i d e n t d i r e c t i o n 
and perpendicular t o each other. C l e a r l y the same 
reasoning w i l l apply to spinor d i f f r a c t i o n . Hence 
i f a spinor o b j e c t i s i n c i d e n t upon the d i f f r a c t i o n 
system w i t h h e l i c i t y along the d i r e c t i o n of motion 
(say the ^ d i r e c t i o n ) , then w i t h p r e f e r e n t i a l 
absorption negative h e l i c i t y s t a t e s may be produced. 
|,> - j f ( l»Vlli>) j^6ul*>-i- l j3>V 
= o/lt> -e (Z | - i> ( I - '* ) 
v/ith 
ly"> a A f l t l ^ are states v/ith s pin i n the X, 
and' ^ d i r e c t i o n s r e s p e c t i v e l y . For pure s-channel 
h e l i c i t y conservation the absorp t i o n i n the x and \g. 
d i r e c t i o n s must be the same. However, i t i s impossible 
t o make the amplitude pure h e l i c i t y f l i p because the 
absorption i s always p o s i t i v e and hence the n o n - f l i p 
amplitude i s bigger than or equal t o the f l i p 
amplitude. For t a r g e t s w i t h o u t spin ( l i k e 7T ) such 
p r e f e r e n t i a l absorption i s impossible because there i s 
no p h y s i c a l v a r i a b l e t o define a s p e c i a l d i r e c t i o n . 
I n the case of spinning t a r g e t s S.C.H.C. w i l l again 
hold because the system w i l l have r o t a t i o n a l symmetry 
about the i n c i d e n t d i r e c t i o n . 
From the preceeding discussion i t i s c l e a r 
t h a t f o r d i f f r a c t i o n of a complex system, made up of 
several degenerate components, unequal absor p t i o n of 
the c o n s t i t u e n t components w i l l produce new states by 
d i f f r a c t i o n . I t i s through t h i s mechanism t h a t 
d i f f r a c t i v e p a r t i c l e p roduction can occur [ 2 ~\ because 
p h y s i c a l hadrons' are made up of many v i r t u a l s t a t e s . 
Of course the v i r t u a l s t a t e s are not s t r i c t l y 
degenerate w i t h the p h y s i c a l hadron and ao have f i n i t e 
l i f e t i m e s , however at very high energy the l i f e t i m e of 
the v i r t u a l s t a t e s may be considered t o be e s s e n t i a l l y 
i n f i n i t e because the energy d i f f e r e n c e s are so small. 
Hence as i n the o p t i c a l analogy, i f the absorption of 
the various " c o n s t i t u e n t " s t a t e s d i f f e r , then the 
outgoing wave w i l l be contaminated by p a r t i c l e s other 
than the i n c i d e n t one. S c a t t e r i n g produced i n t h i s 
manner i s c a l l e d d i f f r a c t i o n d i s s o c i a t i o n and sometime 
a f t e r t h i s p r e d i c t i o n was published, a number of 
production processes d i s p l a y i n g d i f f r a c t i v e f e a t u r e s 
were ex p e r i m e n t a l l y observed. 
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C l e a r l y the i n t e r n a l quantum numbers (r.Y^ 6 
Q',G,etc.) of the v i r t u a l s t a t e s composing the hadron 
w i l l be the same as the hadron i t s e l f and hence the 
d i s s o c i a t e d s t a t e w i l l have the same i n t e r n a l quantum 
numbers as the i n i t i a l p a r t i c l e . This p r e d i c t i o n i s 
s t r o n g l y confirmed by experiment although some 
controversy s t i l l surrounds the G~parity s e l e c t i o n r u l e . 
The simplest example of d i f f r a c t i o n d i s s o c i a t i o n 
i s vector meson photoproduction. Here the photon i s 
considered t o make a v i r t u a l t r a n s i t i o n t o a vector 
meson i n accordance w i t h vector dominance. 
As the vector mesons i n t e r a c t s t r o n g l y w i t h hadronic 
matter, while the bare photon i n t e r a c t i o n i s 
approximately a hundred times smaller, the process 
proceeds as i n vector meson e l a s t i c s c a t t e r i n g except 
the i n c i d e n t vector meson i s transverse and o f f s h e l l . 
C l e a r l y S.C.H.C. i s expected j u s t as i n e l a s t i c s c a t t e r i n g 
and t h i s i s confirmed by experiment [ 3 ] 
Now consider the nucleon d i f f r a c t i v e 
p r oduction processes. As i n the previous example the 
ph y s i c a l nucleon i s analysed i n t o i t s bare c o n s t i t u e n t s . 
By p a r i t y and angular momentum conservation the TT M 
s t a t e w i l l be i n a Pjt c o n f i g u r a t i o n and hence the 
d i s s o c i a t i o n f\J w i l l be q u a s i - e l a s t i c i n much the 
same way as ^ —^ > O . Consequently we p r e d i c t the process 
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w i l l have a l l the c h a r a c t e r i s t i c s of e l a s t i c 
s c a t t e r i n g namely S.C.H.G. and d i f f e r e n t i a l cross-
sections d i s p l a y i n g a sharp forward peak w i t h slope 
s i m i l a r to e l a s t i c s c a t t e r i n g . I n f a c t the slope i s 
anomalously high (see t a b l e 1) and t h i s may be due t o 
the a b s o r p t i v i t i e s of the N andTTN st a t e s d i f f e r i n g i n 
the p e r i p h e r a l r e g i o n but being i d e n t i c a l and t o t a l i n 
the c e n t r a l r e g i o n . Experiments have not been 
performed w i t h p o l a r i z e d t a r g e t s and so S.C.H.C. 
cannot be d e f i n i t e l y confirmed although i t i s 
suggested by the sharp forward peak of the d i f f e r e n t i a l 
c r o s s - s e c t i o n . 
Production of other N states r e q u i r e s a change 
i n the r e l a t i v e o r b i t a l angular momentum and hence these 
processes are i n a d i f f e r e n t category t o the s t r i c t 
q u a s i - e l a s t i c s c a t t e r i n g occuring f o r N Pj( . I n 
the j - £+'•6, p a r t i a l wave,changes i n o r b i t a l angular 
momentum produce the states D13, F-15 G17, e t c . w h i l e i n 
the j = Q-'/x p a r t i a l wave the s t a t e s D-j ^  , F-13 and G15 can 
also be produced. The sta t e s D-j5, F15 , G17, e t c . are 
the states e x p e r i m e n t a l l y observed, however the 
existence of the D-| -] , F13, G-| 5 ... sequence of st a t e s i s 
more questionable. Because of the change i n o r b i t a l 
angular momentum accompanying the absorption i n these 
processes, S.C.H.C. i s no longer expected and more s-
channel h e l i c i t y amplitudes w i l l be populated, thus 
g i v i n g less sharp d i f f r a c t i o n peaks. I n f a c t the 
hypothesis of o r b i t a l production makes d e f i n i t e 
p r e d i c t i o n s f o r the spin s t r u c t u r e which are i n accord 
w i t h data. (See Ch. 3 ) . A f u r t h e r p o i n t i s t h a t , 
a l l other t h i n g s being equal the loss i n o r b i t a l angular 
-zo-
momenturn i n the production of these s t a t e s i m p l i e s 
t h a t these processes are less p e r i p h e r a l than the 
q u a s i - e l a s t i c processes and hence have smaller slopes. 
Of course processes producing more f i n a l s t a t e s as i n 
N NTTTT are possible but we w i l l not consider these 
i n d e t a i l as they are e s s e n t i a l l y s i m i l a r to the 
simple case already discussed, and i n s t e a d move on t o 
c o n s i d e r a t i o n s of meson d i s s o c i a t i o n . 
The pion d i s s o c i a t i o n JJ _^ 2 TT i s f o r b i d d e n 
by G p a r i t y and hence the lowest mass pion d i s s o c i a t i o n 
states occur i n the 37T system. Q u a s i - e l a s t i c 
s c a t t e r i n g r e q u i r e s the f i n a l s t a t e t o be a heavy pion 
( 0 ~ + ) f o r which the only reasonable candidate i s the 
disputed E(1420) resonance. To produce higher spin 
o b j e c t s o r b i t a l angular momentum must be l o s t , and then 
the s t a t e s A-j A3 ( 2 ~ + ) , 3 + + etc. can be 
produced e x a c t l y i n accord w i t h the experimental 
observations. F i n a l l y we note t h a t t h i s mechanism 
does not commit i t s e l f to assuming t h a t the , A^, etc . 
are resonances and t h i s question depends upon the 
dynamics of the 3iT system. 
A s u r p r i s i n g experimental observation i s t h a t 
not only are a l l d i f f r a c t i v e slopes approximately the 
same, but also a l a r g e class of non d i f f r a c t i v e r e a c t i o n s 
have comparable slopes and t h i s suggests a common 
production mechanism. Hence attempts have been made to 
e x p l a i n non d i f f r a c t i v e phenomenon along d i f f r a c t i v e or 
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absorptive g u i d e l i n e s and also the opposite, namely 
t o understand d i f f r a c t i v e phenomena i n a s i m i l a r 
manner to the n o n - d i f f r a c t i v e . The most naive model 
of n o n - d i f f r a c t i v e processes i s s i n g l e p a r t i c l e exchange, 
but t h i s i s r u l e d out on a number of grounds, one of 
which i s the experimental p o i n t t h a t the slopes do not 
i n f a c t depend s t r o n g l y on the mass of the exchange, 
w i t h the exception of pion exchange. This and many 
other o b j e c t i o n s can be overcome by supposing the 
exchange to be composite and i t i s then a Reggeon. 
We w i l l now proceed to give a b r i e f account of t h i s 
p o i n t of view e x p l a i n i n g how d i f f r a c t i v e phenomena are 
incorpo r a t e d . 
X.3 The Regge c l a s s i f i c a t i o n scheme 
Hign energy two body processes can be 
c l a s s i f i e d according t o the i n t e r n a l quantum number 
exchange between beam and t a r g e t and t h i s i s 
e m p i r i c a l l y c o r r e l a t e d w i t h the energy dependence of 
the cross-section as i n t a b l e 2. For d i f f r a c t i v e 
s c a t t e r i n g there i s no i n t e r n a l quantum number exchange 
and the cross-section becomes ne a r l y independent of 
energy f o r high energies. 
I t i s not.necessary to connect the quantum 
number exchange w i t h p a r t i c l e s [ 5" ] though t h i s i s both 
suggestive and p r o d u c t i v e . I t w i l l be shown i n 
chapter 3 t h a t the i d e n t i f i c a t i o n of p a r t i c l e and 
quantum, number exchange leads t o a n a t u r a l e x p l a n a t i o n 
of the energy dependences i n t a b l e 2 w i t h the exception 
of d i f f r a c t i o n . Further evidence i n support of t h i s 
hypothesis i s the f a c t t h a t when exchanges are 
allov/ed the cross-section has forward "peaks" hut 
when no exchange i s possible then taere i s no forward 
peaks and the c r o s s - s e c t i o n i s about a hundred times 
smaller than the comparable exchange process. 
The exchange deemed responsible f o r 
d i f f r a c t i o n i s c a l l e d the Pomeranchuk or pomeron and i t 
c a r r i e s vacuum quantum numbers, but doesn't appear t o 
correspond to any known p a r t i c l e s which suggests t h a t 
the pomeron i s n ' t - a simple Regge pole but r a t h e r some-
t h i n g more complicated. Further evidence f o r the 
s p e c i a l nature of the pomeron t r a j e c t o r y i s t h a t the 
slope i s r a t h e r small approximately 1/2 Ge'i~- compared 
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w i t h a u n i v e r s a l slope of about 1 GeV f o r a l l other 
t r a j e c t o r i e s as shown i n f i g . 2. As the pomeron 
t r a j e c t o r y passes through or near the p o i n t t = 0 J = 1 
i t i s . v e r y tempting t o i d e n t i f y the pomeron w i t h a f i x e d 
J = 1 pole, which i s known to give constant asymtotic 
cross-sections, however t h i s conjecture must be r e j e c t e d 
f o r several reasons. F i r s t of a l l such a pole i s 
incompatible w i t h t-channel u n i t a r i t y and secondly i t 
would not be absorptive and hence c o n t r a d i c t s the b e l i e f 
t h a t e l a s t i c s c a t t e r i n g i s e s s e n t i a l l y a d i f f r a c t i v e 
phenomenon. F i n a l l y a p a r t i c l e pole on the pomeron 
t r a j e c t o r y at J = 1 would have the wrong p a r i t y t o belon 
to the vacuum. I t can be seen t h a t the pomeron i s a 
somewhat mysterious e n t i t y and we w i l l proceed i n the 
next s e c t i o n t o c o n s i d e r a t i o n of models f o r p r o d u c t i o n 
processes which w i l l i l l u m i n a t e the pomeron s t r u c t u r e . 
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X .4 Models f o r d i f f r a c t i o n s c a t t e r i n g 
Hadron e l a s t i c and t o t a l cross-sections are 
of the order of .magnitude (l/a^j-) 20 mb and t h i s 
suggests a p i c t u r e whereby the main c o n t r i b u t i o n t o 
the c r o s s - s e c t i o n comes from the outer or p e r i p h e r a l 
pions, the c e n t r a l core of the hadron, v/hich contains 
m u l t i - p a r t i c l e v i r t u a l s t a t e s , c o n t r i b u t i n g a much 
smaller amount t o the cr o s s - s e c t i o n . V/e also observe 
t h a t the w i d t h of the e l a s t i c peak i s of the order of 
the pseudoscalar meson mass squared. Of course the 
mathematical reason f o r t h i s r e s u l t i s the r e l a t i o n s h i p 
between the cr o s s - s e c t i o n and the e l a s t i c slope. 
P h y s i c a l l y however we may imagine t h a t v/nen the momentum 
t r a n s f e r becomes comparable w i t h the pion mass, then 
there i s a high p r o b a b i l i t y of producing a pion i n the 
f i n a l s t a t e . B r i e f l y r e s t a t e d , the reason f o r the sharp 
two body d i f f r a c t i v e slopes i s t h a t high momentum 
t r a n s f e r breaks up the hadron and so the two body cross-
s e c t i o n i s small i n t h i s momentum t r a n s f e r r e g i o n . 
This gives the reason why a l l two body slopes are 
approximately the same, and the i n d i v i d u a l momentum 
t r a n s f e r s i n m u l t i - p a r t i c l e processes are s i m i l a r l y 
r e s t r i c t e d . 
The previous considerations suggest t h a t a t 
high energy m u l t i - p a r t i c l e processes w i l l be dominantly 
m u l t i - p e r i p h e r a l , w i t h resonances i n the low sub-energy 
channels, and hence i n general t r e e diagrams as i n f i g . 3 
are a p p r o p r i a t e . I t i s not cl e a r which exchanges are 
dominantly responsible f o r these i n e l a s t i c p r o d u c t i o n 
processes, though i f the cr o s s - s e c t i o n i s not t o 
vanish w i t h i n c r e a s i n g energy then the exchange must 
be the pomeron. Experiment i n d i c a t e s the main process 
i s vector meson Regge exchange. 
We begin by con s i d e r i n g the h i s t o r i c a l l y 
e a r l i e s t m u l t i - p e r i p h e r a l model due t o Amati, Pubini 
and S t a n g h e l l i n i (A.F.S.) ["b] where the exchange was 
considered to be the elementary pion and the emitted 
p a r t i c l e s were vector mesons as s i n g l e pion 
emission i s fo r b i d d e n by G-parity. To make use of 
t h i s p i c t u r e of produ c t i o n processes i n elasit/c 
s c a t t e r i n g we consider the u n i t a r i t y equation, 
separating the e l a s t i c and i n e l a s t i c i n t e r m e d i a t e 
s t a t e s as i n f i g . 4 and s u b s t i t u t i n g t r e e graphs f o r 
the i n e l a s t i c amplitudes as i l l u s t r a t e d i n f i g . 5. Of 
course i t i s impossible to sum e x p l i c i t l y over a l l these 
graphs, though f o r the r e s t r i c t e d class of ladder 
diagrams t h i s may be achieved and t h i s approximation 
i s the m u l t i - p e r i p h e r a l model. We may also consider 
the hypothesis t h a t the sum over a l l p o s s i b l e graphs 
generate a Regge pole or composite exchange. This i s 
p l a u s i b l e because the Bethe Salpeter wave f u n c t i o n f o r 
say two pions bound by vector mesons, w i l l i n c lude a 
sum over a l l p o s s i b l e graphs and not simply those of 
the ladder approximation. Accepting t h i s conjecture 
and i d e n t i f y i n g A jL n e^ w i t h the imaginary part of a Regge 
pole, we are able to understand why the pomeron behaves 
as though i t were a Reggeon. However, the t r a j e c t o r y 
i s only p r e d i c t e d i n the ladder approximation. 
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I n t h i s model the u n i t a r i t y equation can be 
solved e x a c t l y and t n i s reveals a number of defects. 
As the amplitude i s dominated by A^ n e^ t h i s form i s 
s u b s t i t u t e d i n t o the e l a s t i c u n i t a r i t y i n t e g r a l and 
generates a cut , the A.F.S. cut as shown i n f i g . 6. 
I f the Regge pole i s considered to c o n s i s t p u r e l y of 
ladder diagrams then i t has been shown by Mandelstam \j\ 
t o be cancelled by other diagrams, but t h i s o b j e c t i o n 
i s spurious i f the Regge pole includes other non lad-der 
terms. Also the A.F.S. cut i n t e r f e r e s c o n s t r u c t i v e l y 
w i t h the pole v/hereas d e s t r u c t i v e i n t e r f e r e n c e i s 
favoured by experiment. 
I n the multi-Regge model the main ideas of 
the A.F.S. approach are r e t a i n e d but the exchanges are 
composite r a t h e r than elementary. Furthermore only 
ladder diagrams'are r e t a i n e d i n A i n e ^ and t h i s i s , of 
course, f a l s e , so the model can then only be v a l i d i n 
a l i m i t e d r e g i o n of phase space and even then only t o 
the extent t h a t i t i s v a l i d to neglect the crossed 
diagrams. One attempt t o surmount t h i s l i m i t a t i o n i s 
by appealing to d u a l i t y , whereby the s-channel resonances 
can be accounted f o r i n an average way by Regge exchanges. 
However, i n the case of pomeron exchange t h i s d u a l i t y 
argument breaks down, also f o r a poineron w i t h u n i t 
i n t e r c e p t multi-pomeron exchange i s impossible because 
the F r o i s s a r t bound i s exceeded. 
I f only one pomeron exchange i s allowed as i n 
f i g . 7 then t h i s corresponds t o the two f i r e b a l l model 
where production processes are associated w i t h two j e t s 
a r i s i n g from the brea:c-up of trie p r o j e c t i l e and t a r g e t 
r e s p e c t i v e l y . The exact manner of bz-eak-up i s l e f t 
u n s p e c i f i e d and may even be of a m u l t i - p e r i p h e r a l type 
provided po.neron exchange i s excluded, however the 
model i s c l e a r l y suggestive of the d i f f r a c t i o n 
d i s s o c i a t i o n p i c t u r e of Good and Walker. I t i s . 
i n t e r e s t i n g to observe t h a t very l i t t l e of A j _ n e ^ i s 
made up of the known quasi-two body d i f f r a c t i v e 
processes and hence i t i s c l e a r t h a t m u l t i - p a r t i c l e 
states are very important. I t i s also tempting t o 
assume t h a t the c r o s s - s e c t i o n f o r states produced by 
o r b i t a l change i s small and consequently only low 
spin f i r e b a l l s are produced which w i l l , t h e r e f o r e , 
decay almost i s o t r o p i c a l l y i n i t s r e s t frame, but t h i s 
assumption i s c e r t a i n l y i n c o n f l i c t w i t h experimental 
data. 
As noted e a r l i e r the main defect of the m u l t i -
p e r i p h e r a l model was the neglect of the crossed diagrams. 
Cheng and Wu \S~] c a l c u l a t e the e l a s t i c amplitude from the 
basic ladder diagrams i n c l u d i n g a l l possible t w i s t s as 
shown i n f i g . 7 and t h i s set of diagrams i s c a l l e d a 
tower. The r e s u l t i n g tower amplitude might be expected 
t o be a moving pole, however the r e s u l t diverges l i k e 
a f i x e d power. 
where o( i s a p o s i t i v e constant dependent on the type of 
p a r t i c l e i n v o l ved (e.g. s c a l a r or spinor) and g i s the 
coupling constant. This r e s u l t cannot be c o r r e c t 
because, l i k e multi-pomeron exchange i n the m u l t i -
p e r i p h e r a l model the F r o i s s a r t bound i s v i o l a t e d . 
Cheng and v/u conjecture t h a t t h i s problem might be 
solved i f s-channel u n i t a r i t y i s included by i t e r a t i n g 
the towers i n the s-channel as i n f i g . 3 . The r e s u l t 
i s e f f e c t i v e l y equivalent t o an e i k o n a l formula w i t h 
the tov/er amplitude p l a y i n g the r o l e of the p o t e n t i a l . 
The t o t a l c r o s s - s e c t i o n i s then p r e d i c t e d t o grow l i k e 
( l o g s ) ^ which i s as f a s t as i s allowed by the F r o i s s a r t 
bound. This r e s u l t i s most i n t e r e s t i n g because 
hadronic t o t a l cross-sections do indeed appear t o r i s e 
w i t h energy i n the prescribed manner. V/e also note 
t h a t these r e s u l t s can be obtained i n a much less 
complicated manner i n the d r o p l e t formalism of Yang [ 9 ] 
and t h i s approach i s e f f e c t i v e l y an extension of the 
ideas of Good and Walker. 
.1 .5 The i n t e r n a l s t r u c t u r e of hadrons 
i ) Dual models 
The simplest approach t o the dual model i s 
t o consider the hadron to be composed of an i n f i n i t e 
number of partons. Consideration of two body s c a t t e r i n g 
by formation of resonances i n t h i s p i c t u r e leads to the 
Veneziano model [ l0"J. Because the parton-parton 
c o u p l i n g constant i s l a r g e and the number of diagrams t o 
a given order increases r a p i d l y w i t h order the most 
s i g n i f i c a n t diagrams are those w i t h a very l a r g e number 
of i n t e r a c t i o n s . Furthermore only planar diagrams 
are considered because of the small p r o b a b i l i t y of 
partons passing one another without i n t e r a c t i o n 
(see f i g . 9) and hence the set of resonant intermediate 
states can be replaced by planar f i s h n e t diagrams of high 
order as i n f i g . 10(a). The most important f e a t u r e 
to n o t i c e about f i g . 10 i s t h a t because of the 
i n f i n i t e numbers of partons there i s a symmetry 
between the s- and t-channels and t h i s i s the d u a l i t y 
p r i n c i p l e . (oee f i g . 10(b) and 10(c) ) . I f scalar 
partons are assumed and the diagrams are t r e a t e d 
s t a t i s t i c a l l y then the simple Veneziano model i s 
reproduced. 
Taking the continuous l i m i t f o r the f i s h n e t 
diagrams, the diagram i n f i g . 11 i s obtained, and i t i s 
found t h a t the f l o w of momentum i s analogous t o the heat 
flow i n a conducting p l a t e j j l " ] - Using t h i s analogy i t 
i s easy t o c o n s t r u c t the Veneziano amplitude f o r any 
given diagram and f o r instance the r e s u l t f o r the box 
diagram i s s y m b o l i c a l l y i n d i c a t e d i n f i g . 12. More 
examples of these diagrams w i l l be given i n a l a t e r 
chapter, i n p a r t i c u l a r w i t h reference to the pomeron. 
Before l e a v i n g the subject of dual models we 
w i l l o u t l i n e the f r e e Hamiltonian f o r hadrons i n the 
dual models and the method of Ramond. I n the o r d i n a r y 
Veneziano model the Hamiltonian i s given by an i n f i n i t e 
set of c o v a r i a n t o s c i l l a t o r s as i n equation (1-16) 
p c i s the centre of mass momentum and ({V. 
are. i n t e r n a l momenta, and p o s i t i o n s , QA I are the 
corresponding harmonic o s c i l l a t o r c r e a t i o n and 
a n n i h i l a t i o n operators. Ramond assumes the existence 
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of an i n t e r n a l time t conjugate t o H and also a 
corresponding Heisenberg equation of motion f o r any 
operator as i n equation 1-17 
[ M,fN<if (| • i >) 
From equation 1-17 i t f o l l o w s t h a t the c r e a t i o n 
operator i s a simple exponential f u n c t i o n of time as 
below 
From equations 1-17 and 1-18 we can def i n e a set of 
hadronic f i e l d operators i n terms of the c r e a t i o n and 
a n n i h i l a t i o n operators 0%(~) and Q^/T) f o r instance 
the momentum operator given i n equation 1-19 
Any observable of the system i s the time average of 
the corresponding f i e l d operator over a complete cycle 
of the i n t e r n a l time from 7T to T - 7T as below. 
For example the e x t e r n a l momentum p c i s the time average 
of the f i e l d momentum P(T)^ . Ramond j j 2 j now uses 
t h i s r e l a t i o n t o go from the f r e e equation f o r the 
e x t e r n a l hadron t o the i n t e r n a l f i e l d equation. For 
example i f the f r e e e x t e r n a l motion i s governed by the 
K l e i n Gordon equation 
- S O -
then the corresponding i n t e r n a l f i e l d equation i s 
given by the replacement 
and the f u l l equation i s shown below. 
w i t h O Q 
V/e can now i d e n t i f y the equation (1-23) f o r the mass 
squared operator as the o r i g i n a l Veneziano model 
The time l i k e s t a t e s have negative n o r m a l i z a t i o n and 
must be e l i m i n a t e d . This i s achieved by s u b s i d i a r y 
c o n d i t i o n s generalized from the simple gauge r e l a t i o n s 
1-24- f o r pure vector p a r t i c l e s . 
on r e p l a c i n g < f X ^ T ^ > t y < ^ ' ^ ^'^> 
we obtain the Virasoro gauge c o n d i t i o n s 1-25 
I n the s p e c i a l case of a tachyon ground s t a t e rf£ - -( 
i t can be shov/n ["14] t h a t a l l "ghost" or negative 
n o r m a l i z a t i o n states are e l i m i n a t e d . The tachyon s t a t e 
can be removed by i n c r e a s i n g the dimension of space but 
we w i l l pursue t h i s no f u r t h e r and i n s t e a d consider the 
fermion dual model [/l2]. 
To o b t a i n the f i e l d equation corresponding t o 
the Dirac equation a g e n e r a l i z a t i o n of the Dirac matrices 
f1 (*T) i s r e q u i r e d such t h a t 
From the anti-commutation r e l a t i o n s obeyed 
by the Dirac matrices, we expect "equal time" a n t i -
commutation r e l a t i o n s f o r the generalized matrices 
rjjfc) as i n equation 1-27 
F i n a l l y we also r e q u i r e the a d j o i n t m a t r i x to obey the 
c o n d i t i o n 1-28 
I f we assume expansion 1-2 9 
r w = J?k\t(bIV^t>"'"T) (i-a«?J 
then f^^(t) has the r e q u i r e d p r o p e r t i e s provided the 
jb'f obey the anti-commutation r e l a t i o n s 1-30 and a l l 
other anti-commutators vanish. 
I f the Q^S are also assumed t o commute w i t h the h^S 
we o b t a i n the generalized Dirac equation 1-31 on 
r e p l a c i n g by <( f / r ) f t y V ) ^ 
( F 0 - M o l I F > = 0 CI - 3 J >. 
w i t h 
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The corresponding mass operator and mass squared 
operators are 
and 
The- operators are c l e a r l y to be i n t e r p r e t e d as 
spin e x c i t a t i o n operators j u s t as the <X^ are 
o r b i t a l e x c i t a t i o n operators. As i n the boson dual 
model there are gauge c o n d i t i o n s ; however, as we are 
mainly i n t e r e s t e d i n d i s p l a y i n g the form of the fermion 
dual model, we w i l l leave our account at t h i s p o i n t , 
i i ) The quark models 
The three quarks u, d, s which form the 
fundamental t r i p l e t r e p r e s e n t a t i o n 3 of 3U(3) have 
quantum numbers as shown i n f i g u r e 13. The hadron 
3(J(3) spectrum i s now explained by assuming mesons are 
composed of a quark-antiquark p a i r and baryons three quarks. 
Then the SU(3) m u l t i p l e t assignments are as below 
Mesons 3 <2> 3.* = 8 © 1 
Baryons 3 ® 3 © 3 = 1 9 . ® ? . ® § . © 1 
I t i s p o s s i b l e t o incorporate the spins and 
p a r i t i e s of the states by i n c l u d i n g the o r b i t a l and s p i n 
angular momenta of the quarks assuming t h a t the quarks 
are spinor o b j e c t s . The group 3 U ( 6 ) d SU(2)(g) SU(3) 
i s the most n a t u r a l g e n e r a l i z a t i o n of SU(3) and t h i s 
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includes the spin of the quarks i n a. n o n - r e l a t i v i s t i c 
manner. I f the spin and the o r b i t a l angular momentum 
are assumed t o be independent, then a ve r y crude 
c l a s s i f i c a t i o n i s obtained from the group 
U(6) <S> U(6*) <£) 0(3) where 0(3) accounts f o r the 
o r b i t a l angular momentum of the quarks. 
The main d i f f i c u l t y w i t h t h i s symmetry, other 
than the f a c t t h a t s p i n - o r b i t c o u p l i n g i s not n e g l i g i b l e , 
i s i t s n o n - r e l a t i v i s t i c character. The problem i s t h a t 
angular momentum i s not a r e l a t i v i s t i c i n v a r i a n t , 
however, i f the Lorentz boosts are confined to the 
d i r e c t i o n of the angular momentum p r o j e c t i o n s , say the 
z d i r e c t i o n , then the values of these p r o j e c t i o n s 
remain i n v a r i a n t . C l e a r l y i t i s po s s i b l e t o form a 
r e l a t i v i s t i c sub-group of U(6) & U(6*) <S> 0(3) 
which i s v a l i d f o r c o - l i n e a r processes. To c o n s t r u c t 
t h i s group a set of SU(2) spin operators commuting w i t h 
Lorentz t r a n s f o r m a t i o n s i n the z - d i r e c t i o n are r e q u i r e d . 
These are given by [ j s\ 
I t i s c l e a r t h a t i s i n v a r i a n t under a Lorentz 
boost i n the z - d i r e c t i o n , while the operators W x and 
have the m a t r i x X 0 m u l t i p l y i n g the usual SU(2) 
operators so as t o compensate the change i n ^ on a 
Lorentz boost. The novel f e a t u r e of these operators 
i s the negative sign f o r the a n t i - q u a r k operators and 
K/3 and t h i s has the consequence t h a t the meson wave-
f u n c t i o n s d i f f e r from the o r d i n a r y SU(6) wave-functions. 
The only o r b i t a l angular momentum operator t o remain 
i n v a r i a n t under Lorentz boosts i n the z - d i r e c t i o n i s L^. 
and so the reduced group i s U(6)^(S) 0(2) • 
I f the quark model i s to be combined w i t h the 
dual model then an i n f i n i t e sea of quark a n t i - q u a r k 
p a i r s i n an SU(3) s i n g l e t s t a t e are r e q u i r e d besides 
the o r d i n a r y valence quarks. One consequence of t h i s 
i s t h a t the valence quark centre of mass i s no longer 
f i x e d thus g i v i n g an e x t r a degree of freedom which may 
be e x p l o i t e d t o enforce anti-symmetric s t a t i s t i c s 
This solves one of the major d i f f i c u l t i e s of the simple 
quark model, where although quarks are spinor objects 
they are obliged to obey symmetric s t a t i s t i c s [18~][-
I f the quarks have harmonic o s c i l l a t o r i n t e r a c t i o n s as 
i n the Veneziano model then because of the i n f i n i t e 
number of degrees of freedom we may w r i t e s i n g l e p a r t i c l e 
o s c i l l a t o r wa.ve-functions f o r each quark. I f the spin 
i s i ncorporated using the SU(6) scheme then the quark 
equation i s 
where s>c-k and are the Jacobi p o s i t i o n and momentum 
co-ordinates of the i ^  quark and f ] ; i t s c o n t r i b u t i o n 
t o the hadron mass. I t i s i n t e r e s t i n g t o attempt t o 
inc o r p o r a t e the quark spin i n a more dynamical manner 
as 'in the Ramond dual model. We then r e q u i r e an 
equation f o r the mass operator as shown below 
I n w r i t i n g equation 1-3b we have set c<+p + ^~ 
so as t o reproduce the momentum term ^ c o r r e c t l y . We 
now demand t h a t the equation for' the mass squared C0^[ 
r e t u r n to a form as close as possible t o equation 1-35, 
and consequently must not contain terms quadratic i n 
the c r e a t i o n or d e s t r u c t i o n operators. This c r i t e r i o n 
i s s a t i s f i e d i f 
Condition 1-37 i s solved by the operators defined below 
The quark spinors of the new equation are no longer of 
the SU.OJ) w type because the equation i s f u l l y 
r e l a t i v i s t i c and also contains s p i n - o r b i t i n t e r a c t i o n . 
The presence of the s p i n - o r b i t term i s most e a s i l y seen 
i n the squared equation displayed below 
This s i m p l i s t i c f o r m u l a t i o n of a dual quark model i s of 
course not t o be taken s e r i o u s l y because, among other 
t h i n g s , i t i s not p a r i x y i n v a r i a n t , however i t 
i l l u s t r a t e s some concepts t o be used i n a l a t e r chapter. 
F i n a l l y we consider the quark model i n the 
f o r m u l a t i o n of c u r r e n t algebra. F i r s t of a l l the 
a x i a i and vector c u r r e n t s are constructed from the quark 
f i e l d s C^ /K) and the corresponding charges (\)%-- and (£)t-
defined as shown 
I f the quark f i e l d s are assumed t o obey equal time ( a n t i ) 
commutation r e l a t i o n s as i n f r e e f i e l d theory then the 
f o l l o w i n g charge commutation r e l a t i o n s are obtained [ j 9 ~ l 
where :£», are the SU{~5) s t r u c t u r e constants. This 
algebra can be reduced i n t o two separate 3U(3J sub-
algebra's by d e f i n i n g new charges G^ - c - ^  (Q t — Qs\ ) 
when commutation r e l a t i o n s 1-40 become 
which correspond to an SU(j>J <2) SU(3j algebra. I t i s 
poss±ble t h a t the charge commutation r e l a t i o n s remain 
exact even i n an i n t e r a c t i n g quark theory and 
consequently t h i s algebra has a r a t h e r d i f f e r e n t s t a t u s 
t o the approximate U(b) <g) U(bJ(S) v{"5) symmetry. 
Despite t h i s fundamental d i f f e r e n c e these algebras are 
r e l a t e d , and t h i s v / i l l now be i n v e s t i g a t e d . 
Because c u r r e n t algebra i s f u l l y r e l a t i v i s t i c 
we - a n t i c i p a t e t h a t the r e l a t e d c l a s s i f i c a t i o n group w i l l 
also be r e l a t i v i s t i c and hence must be U ( o ^ . I n 
U(,bJ^ the z d i r e c t i o n i s given preference and t h i s i s 
achieved i n c u r r e n t algebra by c o n s i d e r i n g the c u r r e n t 
m a t r i x elements i n a fra'me w i t h i n f i n i t e momentum i n 
the z d i r e c t i o n . (,1.M.F.J The x and y components of 
the currents are u n a f f e c t e d by the boost i n t o the 
while the z and t components become i n f i n i t e aud equal. 
C l e a r l y i n c a l c u l a t i n g experimental q u a n t i t i e s only the 
curr e n t components which are i n f i n i t e w i l l give f i n i t e 
c o n t r i b u t i o n s and hence the other components may be 
neglected. Consequently there are 18 s i g n i f i c a n t 
c u r r e n t components and corresponding charges namely, 
Qc > Qs\ x^ °> ^ ' ' " ' ' ^  • As a U(6; algebra has 
t>'o generators t h i s i s i n s u f f i c i e n t and f u r t h e r charges 
are r e q u i r e d . These e x t r a charges are obtained from 
the tensor c u r r e n t s " ^ i ^ v ~ <|^) v/hich a r i s e 
n a t u r a l l y i n c u r r e n t algebra from commuting c u r r e n t s w i t h 
t h e i r divergences. _ The tensor c u r r e n t s of s i g n i f i c a n c e 
i n the I.M.F. are . ^ t X i - * ^ y o <xr\d = T'^o which 
are i n f i n i t e while the other components are f i n i t e or zero. 
E v i d e n t l y tne s c a l a r and pseudo-scalar c u r r e n t s are 
i r r e l e v a n t . Thus we may define 1« more charges i n t h i s 
frame < W ^ '.V- 8 -
g i v i n g 36 "good" charges i n a l l and these charges can 
be shown to form a 11(6)^ algebra. Although t h i s 
algebra i s isomorphic to the " c o n s t i t u e n t " quark 
c l a s s i f i c a t i o n algebra U ( 6 ) w i t i s not equal to i t . 
I f these groups were equal then f o r the quarks of c u r r e n t 
alggebra the spin would completely decouple from the 
i n t e r n a l motion as i n U(6) w(g) 0(2) and t h i s i s r e f u t e d 
by a v a r i e t y of experimental r e s u l t s , f o r instance the 
non-zero anomalous magnetic momenta of the neutron and 
proton. Presumably, however, there e x i s t s a t r a n s -
f o r m a t i o n between one algebra and the other. This 
idea i s made more graphic by i n t r o d u c i n g two types of 
quarks the " c u r r e n t " auarks of the "exact" U(6) , 1 " . ^ 'current 
and the " c o n s t i t u e n t " quarks of the approximate U(6^y 
The problem i s then reformulated as a t r a n s f o r m a t i o n 
between the current quarks and the c o n s t i t u e n t quarks. 
The simplest model i n which t o consider t h i s 
t r a n s f o r m a t i o n i s the f r e e quark model, but even i n the 
I.M.?. t h i s i s not i n general a good approximation. 
The f r e e Dirac equation f o r a quark i n the r e s t frame 
of the hadron i s 
(</L- " H ) ^ ° 
where i s the momentum r e l a t i v e to the centre of mass. 
Now on t r a n s f o r m i n g ' t o the I.M.?. Q and Cj^.-^ *o x 
and the equation becomes 
W i t h U j . -2. J c j V f ^ 
Note t n a t we hive m u l t i p l i e d equation 1-43 by V<d 
as v/ell as transforming t o the I.M.F. t o obt a i n equation 
1-44 so t h a t the elements of t h i s equation are now j u s t 
the terms i n the U ( 6 ) c u r r e n t algebra ( i . e . V0,^0Xv, ^ cXj ) 
Now the c o n s t i t u e n t quark algebra i s generated by 
(K} 6x ^c°yj 6\ ) which are semi-diagonal and 
consequently i f equation 1-44 i s "diagonalized" by a 
Foldy-V/outhuysen t r a n s f o r m a t i o n S we w i l l be able t o 
connect the curr e n t and 'constituent quarks [ 2 0 ] 
S i s given by 
Thus the r e l a t i o n between c o n s t i t u e n t and current quarks 
i s given by 
The most important e f f e c t o f t h i s t r a n s f o r m a t i o n i s t o 
introduce a s p i n - o r b i t term %-Q^x. i n t o the c u r r e n t quark 
spinor. I t i s i n t e r e s t i n g t o f i n d the corresponding 
t r a n s f o r m a t i o n i n equation 1-3 6 which i n the I.M.F. 
becomes 
This equation i s ex a c t l y s o l u b l e , however i t i s 
s u f f i c i e n t f o r our purposes t o d i s p l a y the ground s t a t e 
s o l u t i o n . 
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ju> i s a two dimensional harmonic o s c i l l a t o r ground 
s t a t e embedded i n a P a u l i spinor. The second 
equation r a t h e r than the t h i r d i s the most r e l e v a n t 
because here we take the n o n - p a r i t y i n v a r i a n t p a r t of 
the s o l u t i o n i n t o the c o n s t i t u e n t quark spinor and we 
may guess t h a t the c o r r e c t p a r i t y i n v a r i a n t s o l u t i o n i s 
obtained by r e p l a c i n g the " n e u t r i n o " type spinor by the 
P a u l i S U ( 6 ) W s p i n o r . The t r a n s f o r m a t i o n i s now of the 
same form as the f r e e quark t r a n s f o r m a t i o n and i t might 
be hoped t h a t even i n the more general i n t e r a c t i n g case 
a t r a n s f o r m a t i o n of a s i m i l a r form to equation 1-45 
w i l l be a p p r o p r i a t e . Indeed t h i s Melosh t r a n s f o r m a t i o n 
^2cTj model does improve a number of quark model 
p r e d i c t i o n s . Despite t h i s s u c c e s s f o r m u l a t i o n of 
r e l a t i v i s t i c quark models i n terms of t h i s t r a n s f o r m a t i o n 
i s of very l i t t l e use e s p e c i a l l y as i t encourages the 
unphysical assumption of s i n g l e p a r t i c l e quark wave-
f u n c t i o n s . The proper use of t h i s t r a n s f o r m a t i o n i s 
as a simple a l g e b r a i c f o r m u l a t i o n of the SU(6) 
r e p r e s e n t a t i o n mixing. 
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2 • The properties^ _and me chart ism of 
d i f f r a c t i o n _di_ssociation 
2 .1 I n t r o d u c t i o n 
One of the basic problems i n p a r t i c l e physics 
i s t o understand the general c o l l i s i o n f\ B~^ > C{ C^ - Cn . 
Experiment gives two very important h i n t s . The f i r s t 
i s the small transverse momenta c h a r a c t e r i s t i c of a l l 
the outgoing p a r t i c l e s and t h i s i s opposed to the 
model where A and B stop each other i n the centre of mass 
because then transverse and l o n g i t u d o n a l momenta are 
t r e a t e d symmetrically. The second i s the r a t h e r slow 
growth i n m u l t i p l i c i t y w i t h i n c r e a s i n g energy, perhaps 
l i k e logs and thus very l i t t l e of the a v a i l a b l e k i n e t i c 
energy i s transformed i n t o matter. Both these p o i n t s 
argue i n favour of a p i c t u r e whereby the p r o j e c t i l e and 
t a r g e t pass through each other becoming ex c i t e d and 
fragment, but nevertheless r e t a i n most of the k i n e t i c 
energy of the parent s t a t e . The angular d i s t r i b u t i o n s 
f o r the breakup of the t a r g e t and p r o j e c t i l e 
r e s p e c t i v e l y become a s y m p t o t i c a l l y independent of energy 
and hence are d i f f r a c t i v e . (See f i g . 1 4 ) . This 
hypothesis i s c a l l e d l i m i t i n g fragmentation |_21*3 -
Of course there are also other c o n t r i b u t i o n s t o 
the cross-section from p a r t i c l e s moving slowly i n the 
centre of mass which are not obviously c o r r e l a t e d w i t h 
e i t h e r the t a r g e t or p r o j e c t i l e . These may r e s u l t from 
very massive fragmentation states or a l t e r n a t i v e l y a r i s e 
from non d i f f r a c t i v e sources and as yet experiment has 
not d e c i s i v e l y s e t t l e d t h i s issue. C l e a r l y an 
important question.to be resolved i s the mechanism 
of d i f f r a c t i v e fragmentation and the aim of t h i s 
chapter i s to discuss t h i s question i n the context of 
the low mass fragmentation s t a t e s p r e s e n t i n g some of 
the r e l e v a n t experimental evidence. 
2 .2 The dejende nc_e__o_f_ d i f f r a c t i v e _cross-sections 
on fragmentation mass and the problem of 
isolating_t_he_ quasi_tw0 | body c o n t r i b u t i o n 
The dependence of the d i f f r a c t i v e cross-
sections on the fragmentation mass M x i s obtained i n the 
i n c l u s i v e experiment A3-> AX where X represents the 
fragments from the breakup of 3. Indeed most of the 
d i f f r a c t i v e data i s obtained from "missing mass" 
experiments of t h i s s o r t where only the parameters of 
the outgoing p a r t i c l e A are measured and from t h i s the 
cros s - s e c t i o n i s determined as a f u n c t i o n of "missing 
mass" and momentum t r a n s f e r . A t y p i c a l mass spectrum 
i s shown i n f i g . 15 and i t w i l l be n o t i c e d t h a t i t i s by 
no means resonance dominated even f o r low mass. Both 
the c r o s s - s e c t i o n "bumps" and the background appear t o 
become a s y m p t o t i c a l l y energy independent as i n l i m i t i n g 
f ragmentation although i t has been suggested [22^ t h a t 
e i t h e r the background or the resonances disappear 
a s y m p t o t i c a l l y . 
The issue i s f u r t h e r complicated by the f a c t 
t h a t not a l l the cro s s - s e c t i o n bumps correspond t o 
genuine resonances. The evidence f o r t h i s a s s e r t i o n i s 
very strong [2 3"J. The most important f a c t i n d i c a t i n g 
t n i s conclusion i s t h a t many of the d i f f r a c t i v e cross-
s e c t i o n bumps are not found i n other p r o d u c t i o n or 
formation experiments, f o r example , , (\> , L, and 
.perhaps the N*( '/a", 1410) and N* 1710). The 
i r c / r , H I O ) may be i d e n t i f i e d w i t h the Roper resonance 
P n (1470) while the N* (*/*, 1710) probably corresponds t o 
the F ^ (1688) although the mass discrepancies are 
" d i s t u r b i n g . Furthermore some of these mass bumps are 
very broad, f o r example the A, has a wi d t h of 
approximately 400 MeV, and they do not f i t the simple 
Breit-Wigner resonance form. F i n a l l y the decay 
products of these "resonances" are s u r p r i s i n g l y near the 
th r e s h o l d . Morrison has designated such "mass 
enhancements" D resonances {23~J. Of course there are 
also some genuine resonances produced d i f f r a c t i v e l y , f o r 
instance the N*( ^ 4 , 1520) or and probably 
N * ( % + , 1588) . 
2.3 Possible mechanisms f o r d i f f r a c t i o n d i s s o c i a t i o n 
a) ' D i f f r a c t i v e resonance e x c i t a t i o n 
The simplest view of d i f f r a c t i o n d i s s o c i a t i o n 
i s of resonance e x c i t a t i o n and subsequent decay as i n 
f i g . 1b. C e r t a i n l y some d i f f r a c t i v e production i s of 
t h i s type; however, as noted p r e v i o u s l y there i s a large 
background as w e l l as kinematic mass enhancements which 
s u p e r f i c i a l l y appear t o be resonances. C l e a r l y t h i s 
model i s t o t a l l y inadequate t o ex p l a i n the mass spectrum, 
even the resonance p a r t alone because of the non B r e i t -
Wigner form of the D "resonances". Furthermore i f the 
D-resonances are genuine resonance s t a t e s then they 
should occur i n other p r o d u c t i o n processes. For 
example the charge exchange (C.E.X.) cr o s s - s e c t i o n 
f o r N*°( i / j * 1638) i s approximately 10 k (at 15 GeV) 
and as the N ( ''2 j 1410) has a s i m i l a r d i f f r a c t i v e 
c r o ss-section we expect comparable C.E.X. cro s s - s e c t i o n s , 
whereas i n f a c t no s i g n a l i s observed at a l l . S i m i l a r 
reasoning a p p l i e s to the A, and Q mesons where again 
C.3.X. cross-sections of the order of 10 (~>^> are expected 
but are not detected. The p o s s i b i l i t y remains t h a t 
Reggeons do not couple to the D states but t h i s i s 
r u l e d out by the existence of cross-over phenomena. 
Despite a l l these d i f f i c u l t i e s i t seems probable t h a t . 
there i s some d i r e c t resonance c o n t r i b u t i o n even f o r the 
disputed D s t a t e s . The reason f o r t h i s i s t h a t these 
states are expected i n the quark model c l a s s i f i c a t i o n and 
simple c a l c u l a t i o n s i n t h i s model, which only allows 
resonance e x c i t a t i o n , underestimate the r e l e v a n t cross-
s e c t i o n s . Furthermore we w i l l present arguments i n 
s e c t i o n 2.3(c) which i n d i c a t e t h a t resonance dominance 
i s p o s s i b l e but t h a t the number of resonances i s 
considerably more than p r e v i o u s l y expected. F i n a l l y 
we also note t h a t i f there are competing mechanisms then 
i n t e r f e r e n c e e f f e c t s are expected and t h i s w i l l produce 
non Breit-V/igner resonance forms as i n rho meson 
produ c t i o n . 
b) The Deck mechanism and the m u l t i -
p e r i p h e r a l p i c t u r e 
The rough q u a l i t a t i v e f e a t u r e s of the 
d i f f r a c t i v e fragmentation mass spectra, namely a 
large background w i t h peaks c l o s e l y f o l l o w i n g the 
various production t h r e s h o l d s , may be q u a l i t a t i v e l y 
understood i n analogy to non d i f f r a c t i v e p r o d u c t i o n . 
-.The fragmentation B X i s s i m i l a r t o non d i f f r a c t i v e 
p roduction w i t h the mass t a k i n g the place of the 
centre o f mass energy JsT E m p i r i c a l l y non d i f f r a c t i v e 
p r oduction processes r i s e r a p i d l y above the t h r e s h o l d 
t o a peak or peaks and then f a l l w i t h i n c r e a s i n g energy 
perhaps l i k e '/jsT • Hence i f t n i s p i c t u r e i s a p p l i e d 
t o the fragmentation process then the main f e a t u r e s of 
the data are produced w i t h no s p e c i a l emphasis given to 
the resonances i n preference to the background; 
however, the p i c t u r e lacks a d e t a i l e d mechanism and i s 
not q u a n t i t a t i v e . I t i s , of course, p o s s i b l e to t e s t 
t h i s p i c t u r e by comparison w i t h the corresponding 
production data, f o r example the photo-production 
•tfB-^X i n e l a s t i c c r o s s - s e c t i o n . 
A s p e c i f i c model i n which the D-resonances 
may be understood i s the p e r i p h e r a l or Deck mechanism 
shown i n f i g . 17 where the D resonance i s i d e n t i f i e d 
w i t h a kinematic bump i n the cro s s - s e c t i o n f o r the out-
going 71", s t a t e . I t i s important t h a t the exchange i s 
a pion because then the s t a t e s R and 7T emerge predominantly 
i n the same d i r e c t i o n due t o the pion peak and there i s 
the p o s s i b i l i t y of s i m u l a t i n g resonance behaviour. 
E x p l i c i t c a l c u l a t i o n predic ts the A-j , A-5, and L 
peaks i n reasonable agreement w i t h experiment. 
(See t a b l e 3 and f i g . 18). Despite t h i s success the 
model i s t h e o r e t i c a l l y d e f e c t i v e because the/°7rn vertex 
has been assumed to be independent of the o f f s h e l l 
pion mass and t h i s i s wrong. When the pomeron 
becomes massless i t w i l l act i n a s i m i l a r manner to a 
photon and i f the pion exchange i s also massless then 
the vertex vanishes on angular momentum grounds 
i n e x a c t l y the same way as the XTTT v e r t e x vanishes i n 
the forward d i r e c t i o n . I n p r a c t i c e these dips don't 
seem to occur; f o r instance i n the process ^p-^TT1"^ 
pion exchange vanishes i n the forward d i r e c t i o n but i s 
compensated by s and u channel nucleon exchange Born 
terms r e q u i r e d to preserve gauge i n v a r i a n c e . S i m i l a r l y 
i n the Tf-^TT d i s s o c i a t i o n the f u l l gauge i n v a r i a n t set 
of diagrams shown i n f i g . 19 maintain the pion peak 
except of course when the resonance R has spin zero. 
Although t h i s refinement destroys some of the s i m p l i c i t y 
of the Deck model i t leaves a l l the r e s u l t s of the naive 
c a l c u l a t i o n u n a l t e r e d . We also note t h a t because the 
D peak occurs near the TT R t h r e s h o l d the outgoing 
TV R s t a t e w i l l be i n a r e l a t i v e S wave and hence the 
e f f e c t i v e spin of the D resonance w i l l be the same as 
the R s t a t e and the p a r i t y opposite. 
The model must also e x p l a i n why Deck mass 
enhancements cannot be produced non d i f f r a c t i v e l y , f o r 
instance i n C.IO.X. C l e a r l y the Deck model cross-
s e c t i o n i s determined by the size of the ]TA~-TT A 
forv/ard peak r a t h e r than the t o t a l c r o s s - s e c t i o n and the 
r e l e v a n t non d i f f r a c t i v e processes have f o r w a r d d i p s 
t h u s s u p p r e s s i n g t h e c o r r e s p o n d i n g Deck c r o s s - s e c t i o n . 
For example t h e TTp-^ G.E.X. c r o s s - s e c t i o n i s 
c a l c u l a t e d from t h e r e l a t i v e s i z e o f t h e f o r w a r d 
peaks f o r TTp-^TTp and TT p —^ TT n and t h i s r e s u l t s i n 
a TT~p-* fli"^ c r o s s - s e c t i o n o f a p p r o x i m a t e l y I f-> lo 
compared w i t h 10 flo i n t h e resonance e x c i t a t i o n p i c t u r e . 
G r o s s - s e c t i o n s o f t h i s s i z e w i l l be unobserved and 
co n s e q u e n t l y we u n d e r s t a n d why the D-resonances are 
p e c u l i a r t o d i f f r a c t i o n . 
C onsider t h e Birf^ c o u p l i n g i n t h e case where "B> 
i s a p s e u d o s c a l a r . C l e a r l y i t v a n i s h e s u n l e s s R i s o f 
n a t u r a l p a r i t y and hence the o u t g o i n g J resonance must 
have u n n a t u r a l p a r i t y . I n t h e case where S i s a n u c l e o n 
t h e s t a t e R can have e i t h e r n a t u r a l o r u n n a t u r a l p a r i t y . 
However t h e r a t i o o f t h e n a t u r a l p a r i t y c o u p l i n g t o t h e 
u n n a t u r a l p a r i t y i s 
and hence the p r o d u c t i o n o f n a t u r a l p a r i t y R s t a t e s i s 
suppressed. Consequently t h e emerging D s t a t e w i l l 
have t h e same n a t u r a l i t y as t h e i n c i d e n t n u c l e o n . I n 
g e n e r a l t he Deck mechanism p r e d i c t s t h e r u l e t h a t t h e r e 
s h o u l d be no change i n n a t u r a l i t y a t a d i f f r a c t i v e v e r t e x . 
T h i s a n z a t z , w h i c h was f i r s t d i s c o v e r e d e m p i r i c a l l y by 
M o r r i s o n i s i n agreement w i t h e x p e r i m e n t , a l t h o u g h 
t h e r e i s some d i s p u t e over i t s v a l i d i t y p a r t i c u l a r l y i n 
t h e boson s e c t o r . We p o i n t out t h a t none o f the baryon 
s t a t e s l i s t e d i n t a b l e 3 can have a p p r e c i a b l e Deck c r o s s -
s e c t i o n s , e i t h e r because the N TT R v e r t e x has u n n a t u r a l 
p a r i t y o r the o u t g o i n g i r R s t a t e has r e l a t i v e o r b i t a l 
-(+.%-
a n g u l a r momentum o t h e r t h a n zero and hence i s 
r e l a t i v e l y suppressed. For t h i s r e a s o n i t seems 
pr o b a b l e t h a t t h e c r o s s - s e c t i o n bumps i n n u c l e o n 
d i s s o c i a t i o n c o r r e s p o n d t o genuine resonances. 
The Deck model a l s o p r e d i c t s t h e d i f f r a c t i v e 
h e l i c i t y s t r u c t u r e . Consider t h e f r a g m e n t a t i o n o f a 
p s e u d o s c a l a r meson i n t h e t - c h a n n e l where t h e i n c i d e n t 
and o u t g o i n g p a r t i c l e R b o t h move i n t h e same d i r e c t i o n . 
The p i o n exchange e v i d e n t l y can n o t change t h e h e l i c i t y 
and hence T.C.rl.C. i s p r e d i c t e d f o r t h e R and 
c o n s e q u e n t l y f o r t h e D. There i s c o n s i d e r a b l e evidence 
i n f a v o u r o f t h i s p r e d i c t i o n p a r t i c u l a r l y f o r A-| and Q 
p r o d u c t i o n ["26, 27J . We can a l s o c o n s i d e r t h e n u c l e o n 
d i s s o c i a t i o n and i n e x a c t l y t h e same manner p r e d i c t 
T.C.H.C. Here a g a i n t h e p r e d i c t i o n i s c o n s i s t e n t w i t h 
e x p e r i m e n t [ 2 3 , 29] but t h e a m p l i t u d e T j . _ j , i s a l s o 
a d m i s s i b l e . f"See t a b l e i] . 
The Deck mechanism a l o n e however f a i l s t o 
e x p l a i n t he c r o s s - o v e r phenomena. The most t r a n s p a r e n t 
case i s K ° ^ Q and w h i c h w i l l be u n a f f e c t e d 
by n o r m a l i z a t i o n problems. The c r o s s o v e r s s h o u l d be 
d e t e r m i n e d by t h e f T N c r o s s o v e r s and hence t h e Q ° p c r o s s -
s e c t i o n s h o u l d be l a r g e r a t s m a l l e r t and. s t e e p e r t h a n 
j u s t as t h e TT p compared w i t h T^p |3oJ • T h i s i s 
o p p o s i t e t o t h e d a t a and hence t h e r e i s a t l e a s t one 
o t h e r e f f e c t over and above t h e Deck phenomenon. 
F i n a l l y we n o t e t h a t t h e Deck mechanism and i t s p r e d i c t i o n s 
a r e c o m p l e t e l y c o m p a t i b l e w i t h t h e Good Walker p i c t u r e 
d i s c u s s e d i n Chapter 1. 
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c) I n t e r m e d i a t e or h y b r i d p i c t u r e 
a r i s i n g f rom .dual models 
D i f T r a c t i v e f r a g m e n t a t i o n i s s i m i l a r t o 
i n e l a s t i c p r o d u c t i o n p r o c e s s e s . I n t h e Deck model 
m u l t i p e r i p h e r a l processes a r e t a k e n t o dominate, b u t 
t h i s cannot be a complete p i c t u r e . A b e t t e r approach 
i s t o s u b s t i t u t e a complete model f o r t h e i n e l a s t i c 
processes t r e a t i n g t h e f r a g m e n t a t i o n as a c o l l i s i o n 
PB —^X, where P i s a pomeron. I f t h e pomeron i s 
t r e a t e d l i k e a s c a l a r p a r t i c l e , t h e n t h e Veneziano model 
may be used t o p r e d i c t t he mass s p e c t r a i n each o f t h e 
meet w i t h c o n s i d e r a b l e success e s p e c i a l l y c o n s i d e r i n g 
the f a c t t h a t t h e y are compared w i t h d a t a i n a f a r more 
d e t a i l e d manner t h a n any o f the p r e v i o u s p i c t u r e s . 
One g e n e r a l p o i n t a r i s i n g from t he d u a l models 
i s t h a t t h e m u l t i p e r i p h e r a l and resonance mechanisms are 
b o t h e q u i v a l e n t [[31J p r o v i d e d a l l t he resonances are 
i n c l u d e d . 
c h a n n e l s f o r boson d i s s o c i a t i o n These models 
5 • A pheno.nenological a n a l y s i s o f d i f f r a c t i o n 
d i s s o c i a t i o n r e a c t i o n s 
3.1 I n t r o d u c t i o n 
I n t h i s c h a p t e r we stu d y t he d i f f r a c t i v e d a t a 
f r o m a phenomenological p o i n t o f view a d o p t i n g t h e 
resonance e x c i t a t i o n mechanism. As mentioned i n t h e 
p r e v i o u s c h a p t e r t h i s mechanism alone i s i n a d e q u a t e , 
. . p a r t i c u l a r l y f o r boson d i s s o c i a t i o n where mass 
enhancement e f f e c t s dominate over si m p l e resonance 
p r o d u c t i o n . For t h i s reason we r e s t r i c t t h e d e t a i l e d 
d a t a f i t s t o 
whi c h are w e l l e s t a b l i s h e d resonances. T h i s , however, 
i s n o t ve r y much o f a r e s t r i c t i o n as t h e d i f f e r e n t i a l 
c r o s s - s e c t i o n s f o r boson d i s s o c i a t i o n s are so si m p l e 
t h a t f i t t i n g i s s u p e r f l u o u s e s p e c i a l l y as i t i s known 
fro m d e n s i t y m a t r i x measurements t h a t o n l y one t - c h a n n e l 
h e l i c i t y a m p l i t u d e i s p o p u l a t e d . The c r o s s - s e c t i o n s 
f o r f e r m i o n d i s s o c i a t i o n ["33, 29, 39] N*( , > 
show much more 
s t r u c t u r e . The s h a r p l y peaked i n 
th e f o r w a r d d i r e c t i o n and i s e a s i l y f i t t e d w i t h t h e 
3.C.H.G. a m p l i t u d e a l o n e and here t h e main problem i s 
t o u n d e r s t a n d t h e anomalously l a r g e s l o p e . The 
f\J N'*(\ i • S"20) c r o s s - s e c t i o n s d i s p l a y a f o r w a r d 
d i p and hence i s i n c o n s i s t e n t w i t h S.C.H.C. u n l e s s 
t h e r e i s some c o i n c i d e n t a l d y namical r e a s o n f o r t h e d i p 
and we i n v e s t i g a t e b o t h these p o s s i b i l i t i e s . S i m i l a r l y 
t h e N -> N ¥ ( % 1 ' ) I b 8 & ) . i s i n c o m p a t i b l e w i t h S.C.H.C. 
as t h e c r o s s - s e c t i o n shows evidence o f a p l a t e a u i n t h e 
s m a l l t r e g i o n a l t h o u g h one can d i s p u t e t h i s . [_29, 39J 
Furthermore t h e d e n s i t y m a t r i c e s f o r t h e i t s ? ) 
decay have been measured ^ 2 8 ] and t h e y i n d i c a t e t h a t 
t h e o n l y non zero a m p l i t u d e s are | i ( ± ^ • 
I n f i t t i n g d a t a we assume d i f f r a c t i o n proceeds 
by poineron exchange and n e g l e c t meson exchange e f f e c t s 
and t h e p o s s i b i l i t y o f c u t s . The reason f o r these 
s i m p l i f y i n g assumptions was t h a t our main concern i n 
d a t a a n a l y s i s was t o s t u d y t h e h e l i c i t y p r o p e r t i e s o f 
d i f f r a c t i v e v e r t i c e s r a t h e r t h a n produce d e t a i l e d d a t a 
f i t s . T h i s i s i n t e r e s t i n g because i t i s known t h a t 
S.C.H.C. i s conserved at the NN and v e r t i c e s w h i l e 
T.G.ii.C. i s f a v o u r e d a t t h e T T ^ / ^ i and K-> Q 
v e r t i c e s and i s c o n s i s t e n t w i t h t h e d a t a f o r t h e 
t r a n s i t i o n . As e x p l a i n e d i n 
t h e p r e v i o u s c h a p t e r the Deck e f f e c t p r e d i c t s t h e 
r e s u l t s f o r boson d i s s o c i a t i o n and c l e a r l y i t i s 
i m p o r t a n t t o u n d e r s t a n d t h e h e l i c i t y r e g u l a r i t i e s a l s o 
observed i n resonance e x c i t a t i o n p r o c e s s e s . 
Suppose some u n i f i e d e x p l a n a t i o n o f these 
r e g u l a r i t i e s does e x i s t on t h e b a s i s o f some dynamical 
t h e o r y ( e . g . t h e quark model) t h e n s i m p l i c i t y would be 
expected i n the c o v a r i a n t c o u p l i n g s r a t h e r t h a n h e l i c i t y 
a m p l i t u d e s . C o n s i d e r a t i o n s o f t h i s s o r t m o t i v a t e d us 
t o adopt t h e c o v a r i a n t approach t o Regge p h y s i c s . 
Furthermore c o v a r i a n t f o r m a l i s m o b v i a t e s t h e need f o r 
c r o s s i n g and any a p r i o r l l o r e n t s frame p r e f e r e n c e . 
3.2 The c o v a r i a n t approach t o Regge p h y s i c s 
A Regge exchange i s c o n c e i v e d of as t h e 
exchange o f a composite o b j e c t , which w i l l have a 
number o f e x c i t e d s t a t e s l y i n g on a t r a j e c t o r y t o g e t h e r 
w i t h l o w e r d a u g h t e r t r a j e c t o r i e s as shown i n f i g . 20 [34~] • 
Consider some two body s c a t t e r i n g process where 
"the p a r t i c l e s i n v o l v e d a r e t a k e n t o be s p i n l e s s f o r 
s i m p l i c i t y . At h i g h energy and s m a l l momentum t r a n s f e r 
t h e c r o s s - s e c t i o n w i l l be d e t e r m i n e d by t h e exchange o f 
the l i g h t e s t p a r t i c l e s w i t h t h e a l l o w e d quantum numbers. 
I t m i g h t be expected t h a t good a p p r o x i m a t i o n t o t h e 
s c a t t e r i n g a m plitude, i s "simply the exchange o f t h e l i g h t e s t 
p a r t i c l e a l o n e as i n e q u a t i o n 1 where the exchange has 
s p i n J. 
where CJT i s t h e c o u p l i n g c o n s t a n t and P— i s t h e 
Legendre p o l y n o m i a l w i t h CosO r e p l a c e d by P Q T h i s 
r e s u l t cannot be c o r r e c t f o r a number o f reasons t h e 
most i m p o r t a n t o f w h i c h i s t h a t t h e c r o s s - s e c t i o n has 
23"-2< 
t h e dependence CT'-^  V and hence f o r J = 1 t h e 
c r o s s - s e c t i o n i s c o n s t a n t and t h e J 1 t h e c r o s s - s e c t i o n 
r i s e s i n v i o l a t i o n o f the F r o i s s a r t bound. These 
d i f f i c u l t i e s are r e s o l v e d by n o t i n g t h a t the exchange i s 
composite -and so i n s t e a d of t a k i n g t h e v a l u e o f t h e s p i n 
a t t h e l o w e s t mass po l e we s h o u l d i n t e r p o l a t e back a l o n g 
the t r a j e c t o r y where the e f f e c t i v e s p i n i s much s m a l l e r . 
Fox- i n s t a n c e a t t = 0 t h e e f f e c t i v e s p i n o f the v e c t o r 
meson t r a j e c t o r i e s i s '/^  and hence S ' i n 
accord w i t h t a b l e 2 and indeed a l l t h e r e s u l t s i n t a b l e 2 
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f o l l o w i n a s i m i l a r manner except f o r d i f f r a c t i o n 
where t h e r e are no known p o l e s from which t o 
e x t r a p o l a t e t h e pomeron t r a j e c t o r y . As the d a u g h t e r 
t r a j e c t o r i e s a r e l o w e r i n t h e J plane t h a n t h e l e a d i n g 
p a r t i c l e s t h e i r c o n t r i b u t i o n t o t h e c r o s s - s e c t i o n f a l l s 
o f f more r a p i d l y w i t h energy and hence t h e y can be 
n e g l e c t e d . ( A c t u a l l y i n d u a l models t h e degeneracy o f 
th e d a u g h t e r s grows e x p o n e n t i a l l y and hence t h e y make 
i m p o r t a n t c o n t r i b u t i o n s t o t h e a m p l i t u d e ) . Consequently 
a good a p p r o x i m a t i o n t o t h e s c a t t e r i n g a m p l i t u d e i s t h e 
exchange of t h e v/hole s e t o f p a r t i c l e s on t h e l e a d i n g 
t r a j e c t o r y as i n e q u a t i o n 2 below 
A l l t h e p a r t i c l e s on t h e l e a d i n g t r a j e c t o r y w i l l have 
the same n a t u r a l i t y ( e . g . t h e quark model) however i t i s 
a l s o u s e f u l t o d e f i n e t r a j e c t o r i e s o f a d e f i n i t e p a r i t y 
as p a r i t y i s a good quantum number and t h i s i s a c h i e v e d 
e q u a t i o n 2 can be a p p r o x i m a t e l y summed u s i n g t h e 
Sommerfeld-Watson t r a n s f o r m t r i c k t o g i v e the u s u a l Regge 
by i n t r o d u c i n g a f a c t o r ( i ±<rr)/% The s e r i e s i n 
r e s u l t ( e q u a t i o n 3) p r o v i d e d t h e r e s i d u e |S("0 whic h 
i n t e r p o l a t e s the c o u p l i n g s C ^ t t ) has r e a s o n a b l e a n a l y t i c 
p r o p e r t i e s . 
&'<*) (J v ^63 2 SL ^ TTcXL-t) (3-5) 
i t a 
The f a c t o r ^ sw-rroUt) 1 S t h e R e S g e p r o p o g a t o r 
where : i s t h e t r a j e c t o r y f u n c t i o n w i t h (^^O^r^-
The c o v a r i a n t approach t o Regge p h y s i c s 
extends t h e p r e c e e d i n g r e s u l t s t o s c a t t e r i n g i n v o l v i n g 
• e x t e r n a l s p i n s by u s i n g t h e p r o p o g a t o r s and c o u p l i n g s 
f o r hi i ;h s p i n p a r t i c l e s [ 3 5 ] • 
High s p i n o b j e c t s are d e s c r i b e d by L l a r i t a 
Schwinger wave f u n c t i o n s . Consider f o r i n s t a n c e t h e 
wave f u n c t i o n f o r a s p i n J boson, t h i s w i l l be b u i l t up 
f r o m J s p i n one wave f u n c t i o n s ( s u c h t h a t <^ -£ = 0 ) 
The p r o d u c t - <=f^. w i l l c o n t a i n a l l t h e s p i n s 
f r o m J = 0 up t o J, the i r r e d u c i b l e r e p r e s e n t a t i o n s 
h a v i n g d e f i n i t e s p i n . The i r r e d u c i b l e r e p r e s e n t a t i o n -
w i t h s p i n J i s t o t a l l y symmetric and t r a c e l e s s i ^ . . . . ^ T • 
Fermion wave f u n c t i o n s are o b t a i n e d by combining a boson 
wave f u n c t i o n w i t h a D i r a c s p i n o r . 
The v e r t e x f o r a s p i n S\ p a r t i c l e making a 
t r a n s i t i o n t o a s p i n o b j e c t c o u p l i n g t o a s p i n J 
exchange i s g i v e n by the e x p r e s s i o n 
Assuming S", and ST^  are i n t e r g e r s . I f t h e y are h a l f -
i n t e r g e r s t h e l a b e l s ju and V j u s t extend t o • 
. i s "cne c o u p l i n g and examples o f how t h i s i s deduced 
are g i v e n i n appendices 2 and 3. Because the maximum 
t o t a l s p i n o f t h e p a r t i c l e s 1 and 2 i s S, t- $x o n l y 
t h e f i r s t S", t- Sx o f the i n t e r n a l oi l a b e l s can c o u p l 
t o the s p i n and the remainder w i l l have o r b i t a l 
c o u p l i n g s as i n s p i n l e s s s c a t t e r i n g . The c o u p l i n g 
can t h e r e f o r e by w r i t t e n as below 
where Q> i s t h e reduced c o u p l i n g . The e f f e c t o f S,tS^yS 
J w i l l be e x p l a i n e d i n t h e subsequent s e c t i o n s . 
The s c a t t e r i n g a m p l i t u d e f o r s p i n J exchange 
is. now w r i t t e n as 
- t - 1*1; 
'''r — Awr 
where some of the i n d i c e s have been suppressed. As 
2 1 ^ 7 , 6 v n i * - - i v + AJLQL and a t h i g h energy 
p. £p^ >> we conclude t h a t t h e a s y m p t o t i c 
f o r m f o r Z . ^ £ - ^ V p " * ~ 3-^ ,^  9*0*' 
T h e r e f o r e i f Sy + $i ^ r % • w e have 
I f we now sum over t h e s p i n o f the exchange we o b t a i n 
t h e Hegge p o l e exchange 
( i s ) 
where t h e f a c t o r %± ~ (/"£•£ i s c a l l e d 
t h e s i g n a t u r e f a c t o r and t h i s comes fr o m i n c l u d i n g t h e 
term I i : 6 - ^ ) / Z i n t h e sum so t h a t t h e exchange 
has d e f i n i t e p a r i t y . The s p i n c o n t e n t o f t h e 
a m p l i t u d e s i s c o n t a i n e d i n t h e v e r t i c e s y 1 Q> ' and 
i n t h e n e x t s e c t i o n we c a l c u l a t e t h e a s y m p t o t i c s-channel 
h e l i c i t y v e r t i c e s f o r t h e processes r e l e v a n t f o r 
d i f f r a c t i o n d i s s o c i a t i o n namely 0 —?> J ; 1 —* 1 and 
\ -> J. The v e r t e x may be w r i t t e n a s y m p t o t i c a l l y i n t h e 
form Jj>6 J . 
where we have e x t r a c t e d t h e b a s i c t dependence o f the • 
v e r t e x demanded by a n g u l a r momentum c o n s e r v a t i o n and k e p t 
o n l y t h e terms c o r r e s p o n d i n g t o t h e h i g h e s t energy 
dependence- i n t h e a m p l i t u d e . ^ e s _ c h a n n e l 
h e l i c i t y v e r t e x where Xt and "Xi are the i n i t i a l and 
f i n a l h e l i c i t i e s r e s p e c t i v e l y . 
3.3 S-channel h e l i c i t v v e r t i c e s and boson d i s s o c i a t i o n 
The s-channel h e l i c i t y v e r t i c e s f o r bosons 
where c a l c u l a t e d f r o m t h e c o u p l i n g s l i s t e d i n t a b l e 4 
u s i n g t h e i n f o r m a t i o n g i v e n i n appendix 3 and t h e r e s u l t s 
are p r e s e n t e d i n t a b l e 5. [*37^ • R e f e r r i n g t o t a b l e 5 i t 
can be seen t h a t f o r 0 —> J t r a n s i t i o n s S.C.H.C. 
corresponds t o t h e c o u p l i n g CJ^, ^f-Wi " 3fr w ^ i c h 
c o u p les the e x t e r n a l s p i n t o t h e i n t e r n a l exchange s p i n 
w i t h t h e minimum amount o f o r b i t a l c o u p l i n g . The 
reason f o r t h i s i s t h a t t h e v e r t e x ~ Q1 '^, - --Qa^ - and 
the o n l y s p i n wave f u n c t i o n w i t h t h i s p r o p e r t y a re 
£-C^ ~ ^V//'* hence f o r t h e c o u p l i n g q$ r J ' " ftpi*^ 
the f i n a l wave f u n c t i o n must have h e l i c i t v z e r o . 
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T.C.H.C. on t h e o t h e r hand c o r r e s p o n d s t o a pure 
o r b i t a l c o u p l i n g 3, Qtf, ' 9Vj ""' a n d h e n c e 
t h e t - c h a n n e l h e l i c i t y remains u n a f f e c t e d . 
M a t h e m a t i c a l l y t h i s r e s u l t can be seen as f o l l o w s , i n 
th e t - c h a n n e l c e n t r e o f mass t h e i n i t i a l and f i n a l 
bosons approach each o t h e r i n a s t r a i g h t l i n e and i f 
T.O.H.C. i s t o be v i o l a t e d a t l e a s t one te r m i n t h e 
f i n a l s t a t e R a r i t a Schwinger wave f u n c t i o n must be ^ 
and as £—. Q - O th e pure momentum c o u p l i n g 
conserves T.O.H.O. 
We a l s o n o t e t h a t f o r 0 —3> J t r a n s i t i o n s 
S.G.K.C. i s i m p o s s i b l e f o r abnormal v e r t i c e s and as 
th e pomeron has n a t u r a l p a r i t y , S.C.H.O. i m p l i e s 
M o r r i s o n s r u l e f o r these processes. T h i s r e s u l t 
f o l l o w s d i r e c t l y f r o m p a r i t y w h i c h f o r t h e v e r t i c e s i s 
as t h e i n i t i a l s p i n X8 zero X, = O and f o r S.C.H.O. 
O hence t h e abnormal v e r t e x V c o must v a n i s h . 
Of course T.C.H.C. a l s o i m p l i e s M o r r i s o n s r u l e f o r 
i d e n t i c a l r easons. 
The v e r t i c e s f o r the normal p a r i t y t r a n s i t i o n 
I —^ I are i n c l u d e d because o f i t s r e l e v a n c e v i a 
v e c t o r dominance t o t h e process w h i c h i s 
e x p e r i m e n t a l l y a c c e s s i b l e . The c o u p l i n g c o n s e r v i n g 
S.C.H. f o r f 5 " ^ ^ ' s c a t t e r i n g i s g^v Qtf, Q«i "~ 
^9|^,^v^ t" f"9v=<^'^ l} A'^i ch i s r a t h e r more c o m p l i c a t e d 
t h a n t he s i m p l e r e s u l t s f o r 0 => J t r a n s i t i o n s . The 
S.C.H.O. c o u p l i n g f o r the process T>^> i s o b t a i n e d 
-5*8-
f r o m t he above c o u p l i n g by a p p l y i n g gauge i n v a r i a n c e 
and i s g i v e n by g' C ^ C ^ - 2g ^ / ( f y - Ji-Q 
where i s the momentum o f the p h o t o n and 
— j^v) F i n a l l y we c o n s i d e r t h e consequences o f t h e 
exchange s p i n J b e i n g l e s s t h a n t h e e x t e r n a l s p i n . 
I f the exchange s p i n i s such t h a t a non zero c o u p l i n g 
i m p l i e s an u n p h y s i c a l v a l u e f o r t h e o r b i t a l a n g u l a r 
momentum the n i t i s a nonsense c o u p l i n g . For 
example i n p—>p' v e r t e x t h e c o u p l i n g Cj 
i s nonsense f o r J- = 1 because t h i s i m p l i e s t h a t L - - I 
(see appendix 3) w h i c h i s u n p h y s i c a l . A l t e r n a t i v e l y 
a c o u p l i n g i s nonsense f o r an exchange s p i n J i f such 
a s p i n cannot couple because i t has t o o few s p i n l a b e l s 
t o s a t u r a t e the c o u p l i n g . I f J 0 i s a nonsense p o i n t 
f o r some c o u p l i n g and t h i s s p i n a l s o c o r r e s p o n d s t o a 
p a r t i c l e p o l e t h e n c l e a r l y t he r e s i d u e must v a n i s h a t 
t h i s p o i n t . Suppose f o r i n s t a n c e t h e pomeron i s 
a s s o c i a t e d w i t h a s p i n 2"t p a r t i c l e t h e n f o r 0-^> $ 
t r a n s i t i o n s f o r t h e uomeron cannot b o t h 
couple and conserve S.C.H. s i n c e t h e pomeron c o u p l i n g 
g ^ ^ O j ^ ^ . - - ^p^tx^ f s nonsense f o r J <C S and hence 
must v a n i s h . 
3.4 Fermion h e l i c i t y v e r t i c e s 
The c o u p l i n g s g i v e n i n t a b l e 6 f o r \ -=> £ 
v e r t i c e s a r e e a s i l y deduced. I n appendix 2 the * ,\ , 
J c o u p l i n g i s d e r i v e d . A l l the h i g h e r s p i n t r a n s i t i o n s 
^ S f o l l o w t r i v i a l l y f r o m t h i s r e s u l t and t h e boson 
c o u p l i n g s o f t a b l e 4 because i n t h e R a r i t a Schwinger 
f o r m a l i s m the -*£ S v e r t e x i s s i m p l y r e d u c a b l e t o 
(\k )© CF(0) S—z) as can be seen by comparing 
t a b l e s 4 and 6. 
Using t h e r e s u l t s o f appendices 2 and 3 t h e 
s-channel v e r t i c e s i n t a b l e 7 are e a s i l y o b t a i n e d . 
S N o t i c e t h a t t h e 0^ c o u p l i n g p r e s e r v e s S.C.H. i n 
the 5; t r a n s i t i o n w h i l e f o r t h e Q 
t r a n s i t i o n S.C.H. i s p r e s e r v e d by t h e c o u p l i n g C) ^ 
and hence the c o u p l i n g t o p r e s e r v e S.C.H. f o r t he 
t r a n s i t i o n i s 9as-H^. fy,(V ~ ^ . . { W ' T h i s i s r e a d i i y 
v e r i f i e d f r o m t h e t a b l e s . S i m i l a r l y as t h e Pft 
c o u p l i n g p r e s e r v e s T.C.H. f o r z ~^ t r a n s i t i o n i n 
the case -k $ t h e T.C.H.C. c o u p l i n g i s 
9), - - ^s>jt ^ "" ^s-\ ' R e f e r r i n g t o t a b l e 7 i t can be 
seen t h a t t h e T.C.H.C. c o u p l i n g p o p u l a t e s a l l t he s-channel 
h e l i c i t y v e r t i c e s , c o n v e r s e l y t h e 3.C.H.C. c o u p l i n g 
p o p u l a t e s a l l t h e t - c h a n n e l h e l i c i t y v e r t i c e s . C l e a r l y 
t h e c o u p l i n g ( 9 , 1 ^ , + 9 * ^ ( 0 £.c-i * % " J i 
i s t h e most g e n e r a l c o u p l i n g t o p o p u l a t e o n l y t h e t - c h a n n e l 
h e l i c i t y v e r t i c e s VJL i a n d ^x-i-
Nonsense c o u p l i n g s a re d e f i n e d i n e x a c t l y t h e 
same way as f o r bosons, namely a c o u p l i n g i s nonsense 
f o r exchange s p i n J 0 i f a s p i n Jo p a r t i c l e cannot 
produce t h e c o u p l i n g because i t has t o o many s p i n l a b e l s . 
( O r b i t a l c o u p l i n g s P p a r e of course i r r e l e v a n t ) . 
J u s t as i n t h e boson case i f t h e pcmeron i s a s s o c i a t e d 
w i t h a 2"*" p a r t i c l e (J- .dominance) th e n i t cannot 
conserve S.C.H. f o r ^/a. because t h e c o u p l i n g 
i s nonsense and must v a n i s h . 
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Suppose J Q i s a nonsense p o i n t c o r r e s p o n d i n g 
t o some c o u p l i n g f u n c t i o n Qrt t h e n i f t h e exchange 
has a p o l e a t J 0 t h e n t h e c o u p l i n g must v a n i s h a t 
o(~J~0 and even i f t h e r e i s no p o l e t h e n t h e 
c o u p l i n g may v a n i s h b u t need n o t . The b e h a v i o u r o f 
the c o u p l i n g a t nonsense p o i n t s i s c a l l e d t h e nonsense 
mechanism and i s r e s t r i c t e d by t h e demand t h a t t h e 
a m p l i t u d e be a n a l y t i c a t th e s e p o i n t s . The o t h e r 
v e r t e x may be sense o r nonsense and hence we demand 
t h a t t h e p r o d u c t s <^ a n ^ 9 A be a n a l y t i c 
The common nonsense mechanisms are d i s p l a y e d i n 
t a b l e 8 [36]. 
I n t h e case o f pomeron exchange we a r e 
i n t e r e s t e d i n t h e b e h a v i o u r o f the c o u p l i n g s f o r 
~SQ- I ( ^ p - ' w h i c h c o r r e s p o n d s t o the p o i n t 
I f d i f f r a c t i v e s c a t t e r i n g i s t o e x h i b i t a f o r w a r d peak 
i n t h e c r o s s - s e c t i o n , t h e s t r o n g f i x e d p o l e (S.P.P.) 
mechanism i s the o n l y p o s s i b i l i t y . However, t h e 
/V/_^/Mv(3 J^ )<no)j N ^ S / i * l b 85?) c r o s s - s e c t i o n s do 
n o t have f o r w a r d peaks and t h i s c o u l d be due t o o t h e r 
nonsense mechanisms as t h e S.C.H.C. c o u p l i n g i s nonsense 
a t ~T0-= I f o r b o t h t h e ' \ ~ and -^-> £ T 
v e r t i c e s . Of c o u r s e , t he d e n s i t y m a t r i x r e s u l t s f o r 
the decay i n d i c a t e t h a t these 
r e s u l t s are due t o t h e presence o f o t h e r a m p l i t u d e s 
t h a n t h e S.C.M.G. one r a t h e r t h a n nonsense mechanisms. 
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3.5 M o r r i s o n s r u l e and c o v a r i a n t c o u p l i n g s 
For p i o n d i s s o c i a t i o n s i t was found t h a t 
M o r r i s o n s r u l e was a consequence o f b o t h T.C.H.C. and 
S.C.H.C. C o n s i d e r i n g t h e s u b s t i t u t i o n r u l e V. x (Q rt-t- ) 
—^y^,\S^ ~^-~,^r)^ z £eT!(li-on v e r t i c e s we can see t h a t 
th e boson r e s u l t does n o t c a r r y over t o f e r m i o n s . 
T.C.H.C. f o r i n s t a n c e i m p l i e s t h a t t h e abnormal 
a m p l i t u d e i s s m a l l e r t h a n t he normal a m p l i t u d e by a 
f a c t o r ~ f V 1- / / v i ^ p r o v i d e d <J ~> £ 
(wh i c h w i l l be t r u e i n most c o n s t i t u e n t m o d e l s ) . 
I n the case o f S.C.H.C. t h e no r m a l and abnormal 
a m p l i t u d e s w i l l be o f the same o r d e r , ( a g a i n i f Cj — ) 
T h i s i s u n f o r t u n a t e because M o r r i s o n s r u l e i n f e r m i o n 
d i s s o c i a t i o n i s c o n s i s t e n t w i t h t h e d a t a and hence we 
must conclude t h a t g i s n o t of t h e same o r d e r as j -
o r t h a t t h e r e are a c c i d e n t a l c a n c e l l a t i o n s , f o r i n s t a n c e 
We now c o n s i d e r an argument w h i c h suggests 
t h a t £ ~ t and so t h e abnormal p r o d u c t i o n i s 
suppressed i n t h e f o r w a r d d i r e c t i o n and i s hence 
unobserved £38~] . 
The s p i n sum f o r t h e s p i n J p r o p o g a t o r 
^ 1|^'Mj ' \ y f A T i s composed o f terras l i k e 
21 ^ T^g - ~S<|3+ ^  ^P/tn^ • When t h i s i s summed over 
J t o o b t a i n t h e Regge p r o p o g a t o r * "k and hence 
-^(^^/-b . The c o n t r i b u t i o n o f f a c t o r s l i k e 
A*A<j /£• t o t h e a m p l i t u d e w i l l be a power o f iJ 
l o w e r t h a n t he l e a d i n g term and so i t i s u s u a l l y 
n e g l e c t e d , however i t c o n t a i n s a V £ s i n g u l a r i t y w h i c h 
must be c a n c e l l e d . I f t h e f a c t o r (SeS i s 
c o n t r a c t e d w i t h momentum c o u p l i n g s , as P. ^ ^ Z~ n/,t 
i t w i l l v a n i s h f o r equal mass s c a t t e r i n g and i t i s 
assumed t o be c a n c e l l e d by daug h t e r s i n t h e unequal 
mass case. Nov/ i f we c o n s i d e r c o n t r a c t i n g A^j 
w i t h t h e c o u p l i n g ^ f^s^|3 ^  t h e n u s i n g t h e D i r a c 
e q u a t i o n we o b t a i n —• *°1 - f o r t h e normal v e r t e x 
and "0^5- EjL ^ Mir f o r the abnormal v e r t e x , and so 
f o r e q u a l mass s c a t t e r i n g t h e c o n t r i b u t i o n o f 
t o t h e normal v e r t e x v a n i s h e s b u t does n o t f o r t h e 
abnormal v e r t e x . As t h i s f a c t o r can occur i n a l e a d i n g 
o r d e r c o n t r i b u t i o n t o an i n v a r i a n t a m p l i t u d e , f o r 
i n s t a n c e t h e A\ c o n t r i b u t i o n t o "X N 7T IfV and 
/V /V s c a t t e r i n g £AO, 41I , c a n c e l l a t i o n s f r o m d a u g h t e r s 
do n o t occur. Consequently £ must d e v e l o p a zero a t 
t = 0 and hence we expect <~ t even i n t h e unequal mass 
case. Consequently ^61 - O a t t =0 f o r u n n a t u r a l 
p a r i t y p r o d u c t i o n i n agreement w i t h M o r r i s o n s r u l e . 
We have t h e r e f o r e proved t h a t S.C.rl.C. and in d e e d any 
Kj2. c o u p l i n g i s c o n s i s t e n t w i t h t h i s m o d i f i e d M o r r i s o n s 
r u l e . 
3.6 P r e l i m i n a r y discuss_ion t o t h e d a t a f i t s 
As t h e r e a r e 6 independent c o u p l i n g s f o r 
TflV—^ i n M * ^ 1 " , Ib&S"). and as v/e do n o t w i s h our d a t a 
a n a l y s i s t o be j u s t random f i t t i n g we must s t a r t : 
w i t h some p h y s i c a l c o n s i d e r a t i o n s . Our view was t h a t 
because the pomeron has a s m a l l s l o p e and u n i t i n t e r c e p t 
we exoect t h a t i t w i l l s i m u l a t e t h e b e h a v i o u r o f a v e c t o r 
o b j e c t . Of course t h i s does n o t have t h e 
i m p l i c a t i o n t h a t we b e l i e v e t h e pomeron t o be a 
v e c t o r p a r t i c l e e s p e c i a l l y i n view o f t h e f a c t t h a t 
J - 1 does n o t cor r e s p o n d t o a p o l e on t h e pomeron 
t r a j e c t o r y but s i m p l y f o r s m a l l t t h e exchange w i l l 
have u n i t a n g u l a r momentum. Hence t h e c o u p l i n g w i l l 
be o f t h e for m + <^ ^  T h i s a l o n e i s 
s u f f i c i e n t t o f i t t h e d e n s i t y m a t r i c e s o f Lambsa e t 
a l [ 2 8 ] because the o n l y t - c h a n n e l a m p l i t u d e s produced 
by t h i s c o u p l i n g are \ x r i- • I n e l a s t i c 
i. ~L 
s c a t t e r i n g t h e X|2 c o u p l i n g a lone corresponds t o 
J.G.H.C. and hence we suggest t h a t t h e g e n e r a l i z a t i o n 
of S.C.ri.C. t o i n e l a s t i c n u c l e o n d i f f r a c t i o n i s ^ 
or reduced gamma c o u p l i n g (R.G.G.). N o t i c e t h a t t h i s 
h y p o t h e s i s has t h e advantage over S.C.H.C. t h a t f o r 
an dominated pomeron t h e c o u p l i n g does n o t v a n i s h 
f o r £fz ^/x, . I n t h e f i t s t o t h e d a t a we a l s o 
c o n s i d e r t h e p o s s i b i l i t i e s o f more g e n e r a l gamma 
c o u p l i n g s , I.C.H.C. and S.C.H.C. General f i t s have 
t o o much freedom t o be of any v a l u e . A v a r i e t y o f 
p o s s i b l e nonsense mechanisms were a l s o c o n s i d e r e d as 
a p o s s i b l e e x p l a n a t i o n f o r t h e s m a l l t s t r u c t u r e i n 
fV - ^ f M ^ r ir?c) and N-^ N ^ + J b S 8 y . 
3.7 Data f i t s 
As p r e v i o u s l y ' mentioned we assume pomeron 
dominance and f i t the d i f f e r e n t i a l c r o s s - s e c t i o n 
d a t a 1.-33] f o r 7T M 7T N*(-V, \$lo) pi N*(^f, l<°%%) 
and t h e d e n s i t y m a t r i x d a t a [23"] f o r IfeSSV 
The s-channel a m p l i t u d e s a r e p a r a m a r l i z e d i n t h e f o r m 
where %^ -= + ^ l F ^ ) / ^ , £ ~ ^ " t o and V A ( /\ 2 
i s t h e a p p r o p r i a t e h e l i c i t y v e r t e x g i v e n i n t a b l e 7. 
The d i f f e r e n t i a l c r o s s - s e c t i o n and t h e d e n s i t y m a t r i c e s 
are g i v e n by 
and 
An e x p o n e n t i a l t ' dependence i s i n c l u d e d i n the r e s i d u e s 
a l o n g w i t h t h e a p p r o p r i a t e nonsense f a c t o r 
t h u s 3"nviP9't = <S L-G^ (ot>) • As t h e maximum I 6 0 ) = O'OOO <c 
we t a k e " t - t . 
The f i r s t p o i n t t o no t e i s t h a t 
P k = ( l T t t | V | T t . t l V 2 Z l T l l 
and i t i s c l e a r t h a t b o t h T.C.H.O. (9,) and o^2 ^ 2 
c o u p l i n g s g i v e P i - j . = 0.5 i a t h e Got t f r i e d - J a c l c s o n 
frame. To d i s t i n g u i s h betv/een these two c o u p l i n g s , 
or a l i n e a r c o m b i n a t i o n o f the two, r e q u i r e s more 
a c c u r a t e f o r w a r d d i r e c t i o n d a t a t h a n i s p r e s e n t l y 
a v a i l a b l e . The presence o f tv/o t - c h a n n e l h e l i c i t y 
a m p l i t u d e s f o r R.G-.C. suggests t h a t t h e r e w i l l be a 
s l i g h t f a l l o f f i n the s m a l l t r e g i o n i n t h e 
d i f f e r e n t i a l c r o s s - s e c t i o n w h i l e T.C.H.C. p r e d i c t s no 
such f a l l o f f . 
I n f i t t i n g TrN-^7T ) /bS?) we f i n d 
t h a t R.G.C. and T.C.H.C. are c o m p a t i b l e w i t h a l l t h e 
d a t a w h i l e S.G.H.G. w i t h a 8.F.P. nonsense mechanism 
i s c o m p a t i b l e o n l y w i t h t h e d i f f e r e n t i a l c r o s s - s e c t i o n . 
As t h e r e i s so l i t t l e f o r w a r d s t r u c t u r e i n ^^/ji-^ 
t h e r e i s no p o i n t i n f i t t i n g w i t h a l i n e a r c o m b i n a t i o n 
o f cj{ and c j z e s p e c i a l l y as we not e f r o m t a b l e 9 t h a t 
W-/-<?, ~ G-2. * ^ n 2 2 w e P r e s e n t a r e p r e s e n t a t i v e 
b e s t f i t and a l s o a f i t u s i n g t h e Gell-i^ann nonsense 
mechanism. The f a c t o r cip - I i n t r o d u c e d 
i n t o each c o u p l i n g by t h e G.H. mechanism causes a 
f o r w a r d t u r n over and t h e d a t a i s c o n s i s t e n t l y under 
f i t t e d i n t h i s r e g i o n . The sense c h o o s i n g f i t w i t h 
"% — c o u p l i n g a p p r o x i m a t e s t h e T.G.H.C. and R.G.C. f i t s 
as one might e x p e c t . 
I n f i t t i n g TT N-^TT fM* (\~, ITZO^ t h e 
dominant i n f l u e n c e i s t h e f o r w a r d t u r n over b u t even 
here t h e c o u p l i n g s w i t h G.tf. nonsense f a c t o r s u n d e r f i t 
t h e d a t a i n t h i s r e g i o n . The a d d i t i o n o f n i u l t i -
pomeron c u t s might improve t h e G.M. f i t , b ut t h e e f f e c t 
o f such c u t s would have t o be i n o r d i n a t e l y s t r o n g t o 
b r i n g our f i t i n t o l i n e w i t h t h e d a t a . The T.C.H.C., 
R.G.C. and 3.C.H.C. ( w i t h 5. P.P.) f a i l t o f i t the. t u r n 
over and t h e b e s t f i t i s a c h i e v e d by gamma c o u p l i n g 
c h o o s i n g e i t h e r S.F.P. or sense. A l i n e a r c o m b i n a t i o n 
o f cjj and c^x g i v e s a m o d e r a t e l y good f i t ( t a b l e 1 0 ) . 
D e n s i t y m a t r i x d a t a and p r e d i c t i o n s i n t h e 
h e l i c i t y frame a r e g i v e n i n f i g . 24. For t h e N (b&#) 
o n l y 3.C.H.C. f a i l s t o f i t t h e d a t a and we f e e l t h a t t h i s 
r u l e s i t out as a v i a b l e h y p o t h e s i s . There i s no 
d e n s i t y m a t r i x d a t a f o r t h e N*(\) IS~2o) and we p r e s e n t 
p r e d i c t i o n s , t h e most i n t e r e s t i n g b e i n g t h a t f o r gamma 
c o u p l i n g . I t i s c l e a r from f i g . 24b t h a t p i t d a t a 
w i t h b e t t e r t h a t 10$ e r r o r would s e r v e t o d i s t i n g u i s h 
between R.G.G. and gamma c o u p l i n g . 
4 . Some a t t e m p t s t o u n i f y d i f f r a c t i v e s c a t t e r i n g 
by u s i n g t h e i d e a o f c o n s t i t u e n t s 
4.1 I n t r o d u c t i o n 
I f a hadron i s composed o f c o n s t i t u e n t s t h e n 
hadron-hadron s c a t t e r i n g i s reduced t o s c a t t e r i n g o f the 
c o n s t i t u e n t s . For d i f f r a c t i v e s c a t t e r i n g t h e s i m p l e s t 
assumption i s t h a t a l l d i f f r a c t i o n i s t h e r e s u l t o f 
e l a s t i c s c a t t e r i n g among the c o n s t i t u e n t s . The most 
g e n e r a l f o r m u l a t i o n o f t h i s i d e a i s t h e model o f Ohou 
and Yang (O.Y.) [ 4 2 ] w h i c h i s f l e x i b l e enough t o 
i n c l u d e t i g h t l y bound systems of a few o b j e c t s as i n the 
quar.-c model or many and perhaps i n d e f i n i t e numbers of 
i n t e r n a l degrees of freedom as i n p a r t o n and d u a l mo.deIs. 
A s p e c i f i c example o f t h e G.Y. model i s t o 
assume t h e c o n s t i t u e n t s t o be quarks. U n f o r t u n a t e l y 
however t h e n o n - r e l a t i v i s t i c q u a r k model extended t o 
d i f f r a c t i o n d i s s o c i a t i o n by u s i n g Glauber t h e o r y , as i n 
t h e G.Y. model, p r e d i c t s z e r o - - c r o s s - s e c t i o n i n t h e f o r w a r d 
d i r e c t i o n f o r a l l processes except e l a s t i c s c a t t e r i n g 
[43, 4 4 ] . 
G a r l i t z , F r a u t s c h i and Zweig (C.F.Z.) Ia5} 
p r e s e n t a quark model i n w h i c h t h e g e n e r a l s y s t e m a t i c a 
o f d i f f r a c t i o n d i s s o c i a t i o n are p r e d i c t e d . The" i d e a 
here i s t o extend t h e c o n s e r v a t i o n o f i n t e r n a l quantum 
numbers a t d i f f r a c t i v e v e r t i c e s t o t h e quantum numbers 
of the quark model. The most i n t e r e s t i n g f e a t u r e o f 
t h i s model i s t h a t i t a l l o w s f o r a H i e r a r c h y o f s t r e n g t h s 
i n d i f f r a c t i o n d i s s o c i a t i o n due t o the v a r i o u s symmetry 
b r e a k i n g terms and t h i s meets w i t h c o n s i d e r a b l e success 
f o r f e r n i o n d i s s o c i a t i o n . 
F i n a l l y , Freund, Jones and R i v e r s (F.J.R.) [_46J 
and C a r l i t z Green and Zee (C.G.Z.) [ A 7 j use the i d e a of 
d u a l i t y t o b u i l d a model f o r t h e pomeron c o u p l i n g . T h i s 
model can be extended and made more d e f i n i t e by t h e use 
o f exchange degeneracy (E.X.D.) arguments and t h e n i t 
becomes the K i s l i n g e r model lA&l w h i c h i s c l o s e l y r e l a t e d 
t o t h e C.Y. model. U n f o r t u n a t e l y t h i s model s u f f e r s 
f r o m t h e same d e f e c t o f t h e n a i v e quark model i n t h a t i t 
p r e d i c t s f o r w a r d c r o s s - s e c t i o n d i p s f o r a l l d i f f r a c t i v e 
processes except e l a s t i c s c a t t e r i n g . 
I n t h i s c h a p t e r we w i l l d e s c r i b e and c r i t i c i s e 
t h e v a r i o u s c o n s t i t u e n t models o f d i f f r a c t i v e s c a t t e r i n g . 
4.2 The d r o p l e t model 
Hadrons c o n s i s t o f a number o f c o n s t i t u e n t s , a t 
l e a s t i n t h e m i n i m a l sense of the v i r t u a l p a . r t i c l e s i n 
f i e l d t h e o r y , and so a c o l l i s i o n can be decomposed i n t o 
the s c a t t e r i n g o f t h e c o n s t i t u e n t s . P h y s i c a l l y t he 
s c a t t e r i n g i s e a s i e s t t o view i n p o s i t i o n space and a t 
a s y m p t o t i c e n e r g i e s because o f l o r e n t z c o n t r a c t i o n , t h e 
t r a n s v e r s e impact d i s t a n c e i s t h e o n l y r e l e v a n t parameter 
(See F i g . 25) 
Consider a c o n s t i t u e n t o f impact parameter b r t. 
i n A c o l l i d i n g w i t h a c o n s t i t u e n t i n B a t impact parameter 
tu- t h e n the 3 m a t r i x i s 
SCk+ \?A-ka ) = e" F ,' j ) 
At h i g h e n e r g i e s the l o n g range f o r c e s due t o p a r t i c l e 
exchange become u n i m p o r t a n t because the i n t e r a c t i o n t i m e 
becomes e s s e n t i a l l y i n s t a n t a n e o u s . Hence a s y m p t o t i c a l l y 
u n l e s s p a r t i c l e s A -K and S t are i n l i n e i . e . b ± ; ^ O 
t h e r e w i l l be no i n t e r a c t i o n i . e . S (b-+J&fy'-ba.\~ ' 
and we expect £ Z( b t b A. - bg^ ^  - The f u l l 
s c a t t e r i n g m a t r i x i s t h e p r o d u c t o f t h e i n d i v i d u a l 
s c a t t e r i n g m a t r i c e s 
r ^ I p f - J f t ^ f t f e c ) F(k^bA-l?o)^^a] (4-'2.. 
where and ^ f e t f ) a r e "the p r o b a b i l i t y 
d e n s i t i e s o f c o n s t i t u e n t s b e i n g a t X^ . i n A and Y-n i n B 
r e s p e c t i v e l y . The d e n s i t i e s o f c o n s t i t u e n t s i s 
presumably r e l a t e d t o the" charge d e n s i t y and from t h i s 
h y p o t h e s i s f o l l o w a number o f i n t e r e s t i n g r e s u l t s f o r 
e l a s t i c s c a t t e r i n g t h e most i m p o r t a n t o f which i s t h e 
Feynman-Wu-Yang c o n j e c t u r e /[49~] t h a t 
where F^ and F^ are t h e e l e c t r i c f orm f a c t o r s f o r 
A and B r e s p e c t i v e l y . E x p e r i m e n t a l l y t h i s r e l a t i o n 
compares w i t h t h e d a t a v e r y f a v o u r a b l y . (See r e f . 4, 
ch. 5 ) . 
To exten d t h i s f o r m a l i s m t o i n c l u d e d i f f r a c t i o n 
e x c i t a t i o n J[42~] and ^ must be c o n s i d e r e d as 
numbers r a t h e r t h a n C -numbers and c o n s e q u e n t l y obey 
commutation r u l e s l i k e T ^ l j f where i j f i s some ( F e r m i ) 
f i e l d . Of course t h e r e may be many t y p e s o f f i e l d and 
indeed t o i n c l u d e a l l p h y s i c a l p a r t i c l e s a t l e a s t t h r e e 
f i e l d s are necessary f o r i n s t a n c e t h e u, d and s quark 
f i e l d s . However, as t r i e number o f d i f f e r e n t t y p e s o f 
---7-G-
f i e l d does n o t a f f e c t the r e s u l t s t h i s c o m p l i c a t i o n i s 
i g n o r e d . The s - m a t r i x i s now an o p e r a t o r and -so 
i n e l a s t i c t r a n s i t i o n s can be c a l c u l a t e d by t a k i n g m a t r i x 
elements. V/hen t h i s f o r m a l i s m i s a p p l i e d t o n u c l e u s 
n u c l e u s s c a t t e r i n g t he model reduces t o Glauber t h e o r y . 
Chou and Yang t a k e t h e f i e l d s i n A t o be 
independent o f t h e f i e l d s i n B ( i . e . ["^ JpA = 0 ) 
because t h e r e i s l i t t l e momentum t r a n s f e r between 
c o l l i d i n g beams o f h i g h energy. Consequently t h e 
c o l l i s i o n j u s t l e a d s t o a re-arrangement o f t h e s t u f f i n 
t h e p r o j e c t i l e and t a r g e t . The p r e d i c t i o n s f o r e l a s t i c 
s c a t t e r i n g are e s s e n t i a l l y s i m i l a r t o the c-number 
t h e o r y p r o v i d e d the "blackness :' o f each hadron does n o t 
f l u c t u a t e much as t h e c o n s t i t u e n t s move around. 
Now c o n s i d e r the d i f f r a c t i o n e x c i t a t i o n process 
AB A* B* where t h e s t u f f i n A r e - a r r a n g e s i t s e l f t o 
become A and s i m i l a r l y f o r B and B . The s c a t t e r i n g 
a m p l i t u d e i s . 
-TV) = L i m i t i n g am? as s -- J dl Q. ^ V ^ l * "' M K > 
Ju s t as f o r e l a s t i c s c a t t e r i n g f i n i t e c r o s s - s e c t i o n s a t 
i n f i n i t e energy are expected f o r some processes dependent 
on t h e n a t u r e o f A* and B* and these are the d i f f r a c t i o n 
e x c i t a t i o n r e a c t i o n s . Ohou and Yang d e r i v e a number o f 
s e l e c t i o n r u l e s which we q u o t e . 
i ) Because 3 depends o n l y on space c o - o r d i n a t e s , 
i n t he process A3 A 3, A and A ( a l s o B and E ) must 
have the same charge, G p a r i t y , I s o s p i n , I s , S t r a n g r e s s 
and baryon numbor. 
i i ) S p i n p a r i t y s e l e c t i o n r u l e ; f o r t h e d i f f r a c t i o n 
e x c i t a t i o n process AB A*B*, A and A* ( a l s o B and B* ) 
cannot b o t h be s p i n l e s s and have t h e o p p o s i t e p a r i t y . 
i i i ) The d i f f e r e n t i a l c r o s s - s e c t i o n w i l l have a 
f o r w a r d d i p i f the p r o d u c t o f t h e p a r i t i e s i s n e g a t i v e 
i v ) There i s no l e f t - r i g h t asymmetry as s —? <=c i n 
d i f f r a c t i v e i n e l a s t i c s c a t t e r i n g o f f a t r a n s v e r s e l y 
p o l a r i z e d t a r g e t . 
A l s o s i n c e ify* l^a ^ 4 h a s a 
f l u c t u a t i n g phase f o r d i f f r a c t i o n e x c i t a t i o n processes i t 
i s expected t h a t d i f f r a c t i o n e x c i t a t i o n w i l l have a 
s m a l l e r c r o s s - s e c t i o n t h a n e l a s t i c s c a t t e r i n g . 
F u r t h e r m o r e t h e phase f l u c t u a t i o n s w i l l be more r a p i d f o r 
h i g h e r e x c i t e d s t a t e s and so t h e c r o s s - s e c t i o n w i l l f a l l 
as the masses o f A and B i n c r e a s e . Hence i t can be 
seen t h a t a l t h o u g h as s i n c r e a s e s more and more channels 
become open, the two body c r o s s - s e c t i o n need n o t grow 
w i t h o u t bound. 
The p r e d i c t i o n s o f t h e G.Y. model are summarized 
i n t a b l e 1 1 , where t h e s t a t e s l i s t e d are t h e quark model 
p r e d i c t i o n s , n o t a l l o f w h i c h are w e l l e s t a b l i s h e d . I t 
can be seen t h a t t h e C.Y. p r e d i c t i o n s f o r f o r w a r d d i p s are 
c o n s i s t e n t w i t h the f e r . n i o n d a t a p r e s e n t l y a v a i l a b l e . 
E l a s t i c NH and N —> N ( , 1470) c r o s s - s e c t i o n s b o t h have 
s t r o n g f o r w a r d peaks and t h e N -> N ( 3 / ^ 1520) a f o r w a r d 
d i p as p r e d i c t e d . I n t a b l e 11 t h e r e are a number o f s t a t e s 
l i s t e d w h i c h are n o t seen and t h i s c o u l d be due t o t h e 
r e l a t i v e s u p p r e s s i o n r e s u l t i n g f r o m t he f o r w a r d c r o s s -
s e c t i o n d i p ; n o t i c e f o r i n s t a n c e t h a t t h e N N t 1520) 
c r o s s - s e c t i o n i s a f a c t o r t h r e e s m a l l e r t h a n the 
W i f ( "J 1", 1470) c r o s s - s e c t i o n . The o n l y o t h e r 
process f o r waich t h e d a t a i s c l e a r i s t h e N—> M 
( 'y-i*j 1638) f o r w h i c h no d i p i s p r e d i c t e d i n a c c o r d 
w i t h t h e d a t a w h i c h .nay however show a f o r w a r d p l a t e a u 
a l t h o u g h t h i s has been d i s p u t e d . N o t i c e a l s o t h a t t h e 
v a l u e s o f t n e c r o s s - s e c t i o n decrease w i t h h i g h e r 
e x c i t a t i o n mass as a n t i c i p a t e d . 
The p r e d i c t i o n s f o r t h e boson d a t a are more 
d i f f i c u l t t o t e s t because t h e e x t e n t t o w h i c h t h e d a t a 
i s q u a s i - t w o body i s ambiguous. For p i o n d i s s o c i a t i o n s 
t h e .A.-|, .4.2 and A^ are a l l p r e d i c t e d t o occur, t h e A-| and 
A2 w i t h f o r w a r d d i p s . The A-j d a t a doesn't appear t o 
e x h i b i t any f o r w a r d d i p , however t h e d i r e c t resonance 
p r o d u c t i o n i s obscrued by mass enhancement e f f e c t s . 
There i s a t p r e s e n t c o n s i d e r a b l e c o n t r o v e r s y as t o 
whether t h e A2 i s d i f f r a c t i v e l y produced or n o t . I f t h e 
A2 i s d i f f r a c t i v e l y produced i t w i l l be a resonance 
e x c i t a t i o n process as i t i s f o r b i d d e n by t h e Deck 
mechanism and we not e t h a t l i k e t h e A^ i t w i l l be 
r e l a t i v e l y suppressed i n the C.Y. model because o f t h e 
c r o s s - s e c t i o n d i p a t t = 0. The p r e d i c t i o n s f o r 
K K are s i m i l a r . 
We a l s o n o t e t h a t i t i s p o s s i b l e t o produce 
some resonances i n double d i s s o c i a t i o n w i t h f o r w a r d 
peaks when t h e s i n g l e d i s s o c i a t i o n c r o s s - s e c t i o n s b o t h 
d i p a t t = 0, f o r i n s t a n c e t h e NH N* (V,~, 1520) 
- ( 1520) c r o s s - s e c t i o n can have a f o r w a r d peak even 
tho u g h MN -=> NN'*^ '?", 1520) c r o s s - s e c t i o n d i p s a t t - 0 . 
F i n a l l y i t i s a l s o c l e a r t h a t t h e C.Y. model 
w i l l p r e d i c t a g e n e r a l i z e d Feynman-V/u-Yang e x p r e s s i o n 
f o r t h e d i f f e r e n t i a l c r o s s - s e c t i o n s i n terms o f t h e 
t r a n s i t i o n form f a c t o r s F f l f l * ^  j J~ffg*6(:) 
^ ( r t i ^ r t * S * W <&{ I ( F G f i ^ O r ( 4 - 0 
4«3 A d i f f i c u l t ^ / o f t h e n o n - r e l a t i v i s t i c quark model 
I n t h e n o n - r e l a t i v i s t i c quark model t h e s i n g l e 
s c a t t e r i n g a p p r o x i m a t i o n t o Glauber t h e o r y p r e d i c t s a 
f o r w a r d zero i n the a m p l i t u d e . To prove t h i s we 
expand t h e s - m a t r i x o p e r a t o r i n e q u a t i o n (4) o f t h e 
C . i . model t o f i r s t o r d e r . 
where t h e summation i s over t he quarks i i n A and j 
i n B. P u t t i n g £j,-^-=0 f o r f o r w a r d s c a t t e r i n g and 
making a t r a n s f o r m a t i o n a t v a r i a b l e we o b t a i n 
Now i f A i s say a baryon and 2 = 3 we have 
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I n t h e l i m i t s —5 <xj c o n s e r v a t i o n o f energy i m p l i e s 
= ^ 4 a n d s o c l e a r l y e q u a t i o n 8 i s j u s t t h e 
o r t h o n o r m a l i t y e q u a t i o n f o r t h e w a v e - f u n c t i o n s ifa* and % 
and s i m i l a r l y Tj^/r and 1^ ; hence T(Q) = 0 u n l e s o A — ii. 
and 13^. = B. 
Pa r r y [*50j suggests t h a t t h i s e m b a r r a s s i n g 
r e s u l t w i l l be removed i n a r e l a t i v i s t i c t h e o r y ; t h e 
p o i n t i s t h a t when W^ *^  I^a t h e l o r e n t z c o n t r a c t i o n 
e f f e c t s on the i n i t i a l and f i n a l w a v e - f u n c t i o n s w i l l be 
d i f f e r e n t and so o r t h o g o n a l i t y i s l i f t e d . 
Byers and F r a u t s c h i [_5i~\ and Le Yaouanc e t a l Jj>z\ 
suggest t h a t the d i f f i c u l t y can be removed w i t h i n t h e 
c o n t e x t o f a n o n - r e l a t i v i s t i c t h e o r y by w o r k i n g i n a 
frame i n which t h e composite system moves s l o w l y b o t h 
i n i t i a l l y and f i n a l l y . Such a system i s t h e B r i e t frame 
and here t he momentum t r a n s f e r c o r r e s p o n d i n g t o f o r w a r d 
s c a t t e r i n g does n o t v a n i s h ( a l s o ) and hence the 
s i n g l e s c a t t e r i n g a m p l i t u d e does n o t v a n i s h f o r f o r w a r d 
s c a t t e r i n g . 
J.S. B e l l £53] has g e n e r a l i z e d t h e non-
r e l a t i v i s t i c quark model f o r d i f f r a c t i o n e x c i t a t i o n t o a 
r e l a t i v i s t i c t h e o r y i n t h e l i g h t plane f o r m a l i s m and 
suggests t h a t n e i t h e r o f t h e proposed methods o f r e s o l v i n g 
t h e f o r w a r d zero i n t h e s i n g l e s c a t t e r i n g a p p r o x i m a t i o n 
are v a l i d . 
- < 1 ' h e Gar l i t z , J r a u t s c h i , Zweig (G .J?. 2 ^ ) _ _quar k mode]. 
As e x p l a i n e d i n t h e p r e v i o u s s e c t i o n t h e n a i v e 
a p p l i c a t i o n o f the quark model t o d i f f r a c t i o n e x c i t a t i o n 
p r e d i c t s c r o s s - s e c t i o n s w i t h f o r w a r d d i p s w h i c h i s c o n t r a r y 
to e x p c r i n e i i t . I t i s hoped t a a t - t h i s d i f f i c u l t y may be 
removed but i n t h e meantime i g n o r i n g t h e problem we may 
n e v e r t h e l e s s p r e d i c t t h e g e n e r a l s y s t e m a t i c s o f d i f f r a c t i o n 
i n t h e quark model. The paradigm model o f t h i s t y p e i s 
due t o C a r l i t z - F r a u t s c h i and Zweig \_A5]• 
C.F.Z. ex t e n d t h e e m p i r i c a l r e s u l t t h a t t h e r e 
i s no change i n I , B, Q, B. & a t a d i f f r a c t i v e v e r t e x t o 
th e c o n s e r v a t i o n o f t h e i n t e r n a l quantum numbers o f t h e 
quark model. They p r e s e n t two arguments f o r t h i s 
h y p o t h e s i s 
i ) I f a compound s t a t e r e s u l t s f r o m e l a s t i c 
s c a t t e r i n g o f i t s components t h e n no i n t e r n a l 
quantum numbers change. 
i i ) I f t h e d i f f r a c t i o n d i s s o c i a t i o n a m p l i t u d e 
i s b u i l t up by u n i t a r i t y f r o m a c o h e r e n t sum 
over i n t e r m e d i a t e s t a t e s 
maximum coherence occurs when t h e quantum numbers 
of the f i n a l s t a t e are as c l o s e as p o s s i b l e t o t h e 
quantum numbers o f t h e i n i t i a l s t a t e . 
C.F.Z. use the n o n - r e l a t i v i s t i c SU(6) 
c l a s s i f i c a t i o n and f o r a p a r t i c u l a r 3U(3) m u l t i p l e t t h e r e 
i s no change i n quark s p i n or g e n e r a l i z e d charge c o n j u g a t i o n 
Q . A summary o f t h e p r e d i c t i o n s i s p r e s e n t e d i n t a b l e 11. 
Consider f i r s t t h e N — > N r e a c t i o n s ; o n l y 5p_—> 5o 
t r a n s i t i o n s are a l l o w e d i n f i r s t o r d e r , t h u s 
N -> ifC'i', 1470), N*(5/, + } .1638) are a l l o w e d . Of course 
t h e r e a re SU(6) symmetry b r e a k i n g terms and hence t h e 
56 -> 70 t r a n s i t i o n s N -=> N*( 1 520) , N 0 ^ 2 1 9 0 ) do 
occur b u t are r e l a t i v e l y suppressed. N o t i c e t h a t t h e 
d i f f e r e n t i a l s t r u c t u r e f o r a l l o w e d r e a c t i o n s i s 
d i f f e r e n t from t h a t f o r the f o r b i d d e n r e a c t i o n s and 
appears t o conform t o t h e p r e d i c t i o n s o f t h e G.Y. model. 
Indeed r e f e r r i n g t o t a b l e 11 i t can be seen t h a t t h e 
G.Y. model p r e d i c t s a d i p f o r a l l C.F.Z. f o r b i d d e n 
r e a c t i o n s . F u r t h e r m o r e we not e t h a t t h e f o r w a r d c r o s s -
s e c t i o n s f o r f o r b i d d e n r e a c t i o n s are ~ 10/^ o f the 
a l l o w e d r e s u l t s (see t a b l e 12) as expected.:fEom..3U(6) 
b r e a k i n g terms b u t t h e t o t a l c r o s s - s e c t i o n v a l u e s f o r 
f o r b i d d e n r e a c t i o n s are o n l y a b o u t a f a c t o r 3 l e s s t h a n 
t h e a l l o w e d v a l u e s which suggest a mechanism o t h e r t h e n 
SU(6) b r e a k i n g . 
Now c o n s i d e r t he boson d i s s o c i a t i o n s f o r 
wh i c h t h e o n l y f i r s t o r d e r a l l o w e d processes are 
TT-^A3 and K—* L. The t r a n s i t i o n s 77 -> ^1 & 2 a n ( ^ 
K —> K (1240) Q are b o t h f o r b i d d e n by quar k s p i n 
c o n s e r v a t i o n . A l t h o u g h t h e A-| and K —> Q t r a n s i t i o n s 
have c r o s s - s e c t i o n s ~> j^O^j t h e p r e d i c t i o n o f the C.F.Z. 
model i s n o t n e c e s s a r i l y wrong because t h e s e processes 
may be almost e n t i r e l y due t o mass enhancement e f f e c t s . 
E v i d e n t l y M o r r i s o n s r u l e i s n o t obeyed i n g e n e r a l a l t h o u g h 
f o r 17 K p r o j e c t i l e s a l l t h e f i r s t o r d e r a l l o w e d 
t r a n s i t i o n s are c o n s i s t e n t w i t h t h i s a n z a t z . T h i s i s 
because i f t h e quark s p i n remains zero t h e n t h e s p i n o f 
the produced hadron i s - t h e same as t h e o r b i t a l a n g u l a r 
momentum L o f t h e quarks and t h u s t h e f i n a l p a r i t y 
= - C-)T^' and hence AP - C-)T w h i c h 
i s M o r r i s o n s r u l e . However, when t h e quark s p i n changes 
as i n the t r a n s i t i o n s TT—> @\ > &x t h e r e i s no g e n e r a l 
c o n s i s t e n c y w i t h M o r r i s o n s r u l e . 
The main d e f e c t o f t h e C.F.Z. model i s t h a t 
t h e s p i n i s t r e a t e d on e x a c t l y t h e same b a s i s as o t h e r 
i n t e r n a l v a r i a b l e s and y e t i t i s n o t a r e l a t i v i s t i c 
i n v a r i a n t ; hence t h e C.F.Z. model w i l l be frame 
dependent. T h i s d e f e c t can be remedied by u s i n g t h e 
r e l a t i v i s t i c 3 U ( 6 ) W (g) ) v e r t e x symmetry. As 
t h i s group i s r e l a t i v i s t i c a l l y i n v a r i a n t f o r c o l i n e a r 
processes v/e t r e a t t h e problem i n the t - c h a n n e l c e n t r e 
o f mass where t h e p a r t i c l e s a t a v e r t e x a l l move i n a 
s t r a i g h t l i n e . C l e a r l y a l l t h e p r e d i c t i o n s o f t h e 
C.F.Z. model remain t h e same except now i n a d d i t i o n we 
p r e d i c t T.C.H.C. Of cour s e , t h i s ca;mot be e n t i r e l y 
c o r r e c t because the N —> N t r a n s i t i o n conserves 3.C.H. 
Th i s r e s u l t may a l s o be i n c l u d e d by a l l o w i n g quark s p i n 
f l i p w h i c h i s t h e most g e n e r a l v e r t e x i n t e r a c t i o n . 
(Of course we m a i n t a i n L 2 = 0 f o r t h e C^fo). symmetry). 
C l e a r l y we s t i l l p r e d i c t t h e c o r r e c t h e l i c i t y s t r u c t u r e 
f o r N-* N*(9/r, 1520), N* (S/f, 1 638) namely t h e a m p l i t u d e s 
I 1±L as b o t h s t a t e s have quark s p i n jr • Furthermore 
i f the r e l a t i v e v a l u e s o f the f l i p and n o n - f l i p v a l u e s 
are a d j u s t e d t o g i v e 5.C.H.C. t h e n t h e f l i p a m p l i t u d e i s 
p r o p o r t i o n a l t o J'--fc' and hence we c o r r e c t l y p r e d i c t a 
f o r w a r d d i p f o r the 5_6 70 t r a n s i t i o n i f ( ^ 1520). 
Thus t h i s m o d i f i e d C.F.Z. model r e p r o d u c e s a l l the f e r m i o n 
d a t a and t h i s i s e s s e n t i a l l y t h e approach o f Le Yaouanc 
e t a l [54~J , a l t h o u g h t h e y work i n a n o n - r e l a t i v i s t i c 
framework. 
V/e now c o n s i d e r t h e m o d i f i e d C.F.Z. model a p p l i e d 
t o bosons. Of course t h e s u c c e s s f u l p r e d i c t i o n o f 
T.C.H.C. f o r TT-e> ft2 and K —=> L are s t i l l m a i n t a i n e d . 
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However we now a l s o a l l o w ~TT-* , rtx and K —=> K*( 1420) .  <£> 
i n f i r s t o r d e r but p r e d i c t T.C.H. f l i p ( T 0 ^ t | ) r a t h e r 
t h a n T.O.H.C. and a l s o f o r w a r d d i p s i n t h e c r o s s - s e c t i o n 
as i n t h e C.Y. model, b o t h o f which are c o n t r a r y t o the 
d a t e . To o b t a i n the c o r r e c t r e s u l t f o r TT-^  A, e t c . we 
must i n t r o d u c e a s u b s t a n t i a l amount o f s p i n o r b i t i n t e r -
a c t i o n and a model w i t h t h i s p r o p e r t y i s p r e s e n t e d i n 
Ch. 7 
4.5 The t w i s t e d l o o p d u a l guar':-: model 
The t w i s t e d l o o p quark model o f F.J.R. [46] 
and C.G.Z. £47] i s b ased on t h e two component d u a l i t y 
i d e as o f Freund and H a r a r i ["55"] . I n t h i s p i c t u r e t h e 
h i g h energy two body s c a t t e r i n g a m p l i t u d e A can be 
dec onposed i n t o two p a r t s , one Af due to d i f f r a c t i o n 
and t h e o t h e r Ag c o r r e s p o n d i n g t o Regge exchanges. 
A c c o r d i n g t o t h e F r e u n d - H a r a r i h y p o t h e s i s the Regge 
c o n t r i b u t i o n i s b u i l t up fro m s-channel resonances w h i l e 
t h e d i f f r a c t i v e a m p l i t u d e corresponds t o non-resonant 
i n t e r m e d i a t e s t a t e s . 
'These id e a s may be p i c t o r i a l l y r e p r e s e n t e d i n 
the quark model £56j. I n a s c a t t e r i n g process quark 
l i n e s a r e drawn f o r a l l t h e e x t e r n a l p a r t i c l e s and t h e y 
a re.connected i n v a l i d d u a l i t y diagrams such t h a t t h e 
quaric l i n e s do no t change t h e i r n a t u r e and p a i r s i n 
the same nadron do n o t a n n i h i l a t e . (presumably c j ^ 
p a i r a n n i h i l a t i o n i n the same hadron c o r r e s p o n d t o weak 
and e l e c t r o m a g n e t i c processes c^ -=3> l e p t o n s ) . 
F i g s . 26. 27; 28, 29 and 30 d i s p l a y a number o f 
v a l i d cuark d u a l i t y diagrams, t o g e t h e r w i t h the 
c o r r e s o o n d i n g Veneziano r e p r e s e n t a t i o n s . F i g . 26 and 27 
are t h e o n l y v a l i d diagrams c o r r e s p o n d i n g t o s i n g l e 
p a r t i c l e exchange f o r meson meson s c a t t e r i n g . P i g . 26 
w i l l e v i d e n t l y c o n t r i b u t e t o but f i g . 27 cannot 
because t h e r e are no s-channel p o l e s . To c o n s t r u c t 
h i g h e r o r d e r diagrams t h e s i m p l e one p a r t i c l e exchange 
diagrams are i t e r a t e d u s i n g s-channel u n i t a r i t y and the 
r e s u l t s c o r r e s p o n d t o f i g s . 28, 29 and 30. N o t i c e t h a t 
diagrams 28 and 29 b o t h have s-channel p o l e s and so 
c o n t r i b u t e t o • P i g . 30 i s i n t e r e s t i n g because i t 
corresponds t o a two p a r t i c l e s-channel i n t e r m e d i a t e s t a t e 
w hich c o n t r i b u t e s t o t h e background. Furthermore as t h e r e 
i s no n e t exchange o f quarks t h e t - c h a n n e l s i n g u l a r i t y has 
vacuum quantum numbers and hence the diagram i s a s u i t a b l e 
c a n d i d a t e f o r t h e pomeron s i n g u l a r i t y . I n t h e P u b i n i 
Veneziano model t h i s diagram can be computed and i s i n 
g e n e r a l a c u t , but f o r space-time dimensions 26 i t 
becomes a p o l e . D e s p i t e the u n p h y s i c a l n a t u r e o f t h i s 
r e s u l t i t i s p o s s i b l e t o e x t r a c t some phenomenological 
i n f o r m a t i o n f r o m t h e diagrams alone i g n o r i n g the d e t a i l e d 
m a t h e m a t i c a l correspondence and such a program corresponds 
t o t h e t w i s t e d l o o p quark model o f P.J.R. and G.G.Z. 
Using t h e d u a l i t y t r a n s f o r m a t i o n s as i n f i g . 30 
i t can be seen t h a t t h e pomeron c o u p l i n g i s dominated by 
resonances. The i n t e r n a l l o o p c o n n e c t i n g t h e upper and 
low e r v e r t i c e s may be r e g a r d e d as a vacuum f l u c t u a t i o n and 
hence we may deduce t h a t t h e pomeron has vacuum quantum 
numbers i . e . 3U(5) s i n g l e t w i t h n a t u r a l p a r i t y and 
G -= "+ I . As the o n l y w e l l known resonances w i t h t h ese 
p r o p e r t i e s a r e the $ and ' i t i s assumed t h a t t h e 
pomeron c o u p l e s v i a § ' i n c i "£ i n ~^ie 3U(3) s i n g l e t 
c o m b i n a t i o n -f . 
The model can a l s o i n c l u d e symmetry 
b r e a k i n g i n the sense t h a t t h e and £' t r a j e c t o r i e s are 
n o t degenerate, t r i e b e i n g h e a v i e r and hence l o w e r , 
j'or t h i s reason the ^  and t h e J-' cannot c a n c e l one 
a n o t h e r and hence d i f f r a c t i o n d i s s o c i a t i o n i s allov/ed f o r 
any process f o r w h i c h e i t h e r t h e o r t h e -§' c o u p l e t o 
b o t h v e r t i c e s , b u t o f course we are m a i n l y i n t e r e s t e d i n 
t h e f i r s t o r d e r a l l o w e d processes. For boson 
d i s s o c i a t i o n s t h e o n l y s i g n i f i c a n t r e s t r i c t i o n i s 
g e n e r a l i z e d charge c o n j u g a t i o n G , as i n t h e C.P.Z. model 
and thus i n t h i s model IT-* A-j ,A9> A^ are a l l a l l o w e d . The 
N -> b\ t r a n s i t i o n s a r e n o t very i n t e r e s t i n g because a l l 
t h e r e a c t i o n s l i s t e d i n t a b l e 11 are a l l o w e d . The 
h e l i c i t y p r o p e r t i e s o f t h e pomeron c o u p l i n g a r e , of c o u r s e , 
p r e d i c t e d t o be t h e same as these f o r t h e c o u p l i n g s . 
For f u r t h e r p r e d i c t i o n s t h e model must be made 
more q u a n t i t a t i v e . R e f e r r i n g t o f i g . 30 i t can be 
seen t h a t t h e J-plane a m p l i t u d e may be w r i t t e n i n t h e 
fo r m 
T ^ - s ^ ^ 
' / ( T - ° t ( i s t h e p r o p a g a t o r f o r p a r t i c l e * 
where x and j are l a b e l s f o r t h e vacuum quantum number 
exchanges. ( p i ^ i s t h e c o u p l i n g o f 1 t o t h e AA v e r t e x 
and ( T , t ) r e p r e s e n t s t h e pomeron s i n g u l a r i t y . 
The F u b i n i Veneziano model f o r t h e pomeron t a k e s t h i s 
f o r m . 
- g i -
l t i s n o t our i n t e n t i o n i n t h i s survey t o g i v e 
an e x h a u s t i v e account o f the p r e d i c t i o n s f o l l o w i n g f r o m 
e q u a t i o n 11, however we mention t h a t the r a t i o o f t h e K p 
t o p c r o s s - s e c t i o n s are p r e d i c t e d w i t h i m p r e s s i v e 
accuracy. One f u r t h e r i n t e r e s t i n g f e a t u r e o f e q u a t i o n 11 
i s t h a t i f the p i s exchange degenerate w i t h t h e t h e n 
t h e v e r t i c e s w i l l , by v e c t o r dominance resemble t h e 
e l e c t r o m a g n e t i c c o u p l i n g and hence t h e model i s l i n k e d 
w i t h t h e C.Y. approach. The extreme f o r m o f t h i s i d e a 
i s t h e K i s l i n g e r model p,-8j where the pomeron i s r e p l a c e d 
by an S(J(3) s i n g l e t conserved v e c t o r c u r r e n t . Though 
t n i s i d e a makes t i i e p r e d i c t i v e power o f the model much 
h i g h e r i t i s wrong because i t i m p l i e s t h a t a l l normal 
p a r i t y v e r t i c e s v a n i s h i n t h e f o r w a r d d i r e c t i o n , ( t h i s 
r e s u l t i s e a s i l y -proved i n c o v a r i a n t f o r m a l i s m ) w h i c h i s 
c o n t r a r y t o d a t a . Hence we co n c l u d e t h a t t h e i d e a o f 
i d e n t i f y i n g t h e pomeron w i t h a conserved v e c t o r c u r r e n t 
i s wrong a l t h o u g h i t may be c o r r e c t t o assume t h e 
pomeron couples l i k e a v e c t o r p a r t i c l e . 
- 2 a-
5. Some approaches t o r e l a t i v i s t i c quark- models 
5 • 1 I n t r o d u c t i o n 
I n t h i s c h a p t e r we c o n s i d e r some a t t e m p t s t o 
i n c o r p o r a t e r e l a t i v i t y i n t h e " c o n s t i t u e n t " quarlc model. 
Such a g e n e r a l i s a t i o n i s c e r t a i n l y n e c e s s a r y so as t o 
i n c l u d e h i g h energy s c a t t e r i n g phenomena ( c . f . Chapter 4 
s e c t i o n 3) and a l s o because t h e i n t e r n a l quark v e l o c i t i e s 
are n o t s m a l l compared w i t h t h e speed o f l i g h t , 
p a r t i c u l a r l y f o r mesons. Fur t h e r m o r e a r e l a t i v i s t i c 
v e r s i o n o f the model i s needed t o p r o v i d e a more adequate 
t h e o r e t i c a l b a s i s f o r q u a r k s . 
I f quarks a r e f u n d a m e n t a l p a r t i c l e s then t h e 
s t a r t i n g p o i n t s h o u l d be f i e l d . t h e o r y . The most n a t u r a l 
model i s t o c o n s i d e r quarks t o be bound by a n e u t r a l 
v e c t o r " g l u o n " f i e l d and t h i s view has proved s u c c e s s f u l 
i n f o r m u l a t i n g b o t h t h e c u r r e n t commutation r e l a t i o n s Jjs] 
and l i g h t cone a l g e b r a £"5'7] • However, i f t h i s p i c t u r e i s 
t a k e n s e r i o u s l y r a t h e r t h a n j u s t a framework f r o m w h i c h t o 
a b s t r a c t a l g e b r a i c r e s u l t s t h e n i t l e a d s t o d i f f i c u l t i e s . 
The mass spectrum emerging f r o m t h i s model can be 
p r e d i c t e d by c o n s i d e r i n g t h e bound s t a t e problem i n t h e 
Bethe S a l p e t e r e q u a t i o n ( w i t h t h e Ladder a p p r o x i m a t i o n ) 
and i t bears no r e l a t i o n t o t h e p h y s i c a l mass spectrum 
Indeed any model f o r w h i c h t h e " p o t e n t i a l " i s s i n g u l a r a t 
the o r i g i n w i l l n o t l e a d t o r i s i n g Regge t r a j e c t o r i e s w i t h 
a p p r o x i m a t e l y even s p a c i n g £59]. N e g l e c t i n g s p i n 
c o m p l i c a t i o n s e x a c t l y l i n e a r Regge t r a j e c t o r i e s are 
o b t a i n e d from harmonic o s c i l l a t o r quark quark i n t e r a c t i o n s . 
C l e a r l y such an i n t e r a c t i o n i s u n p h y s i c a l . T h i s i s n o t 
- s r s -
o n l y because the harmonic o s c i l l a t o r has i n f i n i t e r ange, 
as p o t e n t i a l s l i k e - (\ Q^ir bV"1^ \/ould a l s o g i v e 
a p p r o x i m a t e l y l i n e a r t r a j e c t o r i e s f o r t h e low l y i n g 
s t a t e s , but r a t h e r because the p h y s i c a l o r i g i n o f t h i s 
i n t e r a c t i o n i s obscure. Of course t h i s problem i s n o t 
c o n f i n e d t o t h e quark model as i t i s d i f f i c u l t t o f i n d 
any dynamical e x p l a n a t i o n whatsoever f o r l i n e a r r i s i n g 
t r a j e c t o r i e s a l t h o u g h one s u g g e s t i o n £60*1 i s t h a t 
t r a j e c t o r i e s c o n t i n u e t o r i s e due t o t h e e f f e c t s ox 
c o u p l i n g t o h i g h e r m u l t i p l i c i t y i n t e r m e d i a t e s t a t e s . 
However, we w i l l s i m p l y a c c e p t l i n e a r l y r i s i n g t r a j e c t o r i e s 
as a f u n d a m e n t a l f a c t and t h i s a t t i t u d e conforms t o the 
d u a l model p h i l o s o p h y . 
I n f o r n u l a t i n g r e l a t i v i s t i c q u a r k models i t i s 
i m p o r t a n t t o m a i n t a i n a c l o s e r e l a t i o n w i t h t h e non-
r e l a t i v i s t i c model so t h a t t he s u c c e s s f u l p r e d i c t i o n s o f 
t h i s nodel are n o t d e s t r o y e d . The most d i r e c t approach 
i s t o c o n s t r u c t c o v a r i a n t w a v e - f u n c t i o n s by b o o s t i n g t h e 
n o n - r e l a t i v i s t i c r e s u l t s , and t h i s i s q u i t e s i m p l e because 
i n t h e 5U^6) quark model t h e s p i n i s decoupled from the 
p o t e n t i a l . However, i t i s d i f f i c u l t t o u n d e r s t a n d t h i s 
r e s u l t i n a r e l a t i v i s t i c t h e o r y and inde e d t h e evidence 
f a v o u r s a c o n s i d e r a b l e s p i n - o r b i t i n t e r a c t i o n a t l e a s t 
f o r masons. £ Chapter 1 s e c t i o n 5 i i ~ l 
The most - s t r a i g h t - f o r w a r d e x t e n s i o n of t h e non-
r e l a t i v i s t i c q uark model i s t o assume t h e p o t e n t i a l t o be 
a c o v a r i a n t o s c i l l a t o r i n a s c a l a r e q u a t i o n and t o 
i n c o r p o r a t e q u ark s p i n by u s i n g boosted s p i n o r s . T h i s i s 
t h e approach o f Peynman K i s l i n g e r and Ravndal (F.K.R.) 
F6l"] t h e r e s u l t s o f whi c h are about as good as t h e non-
r e l a t i v i s t i c model b u t now t h e r e are fewer f r e e p a r a m e t e r s . 
The main d e f e c t o f t h i s approach i s t h a t s p i n i s n o t 
t r e a t e d d y n a m i c a l l y . 
C l e a r l y a more adequate s t a r t i n g p o i n t i s t h e 
Bethe S a l p e t e r e q u a t i o n f o r s p i n o r q u a r k s . However, i n 
a model o f t h i s s o r t , t h e c a l c u l a t i o n a l s i m p l i c i t y o f t h e 
F.K.R. approach i s l o s t . The most i n t e r e s t i n g model o f 
t h i s t y p e i s due t o Bohm, Joos and Krammer (B.J.K.) \_o2~\ 
v/here t h e Bethe S a l p e t e r e q u a t i o n f o r a quark a n t i q u a r k pax 
bound by the most g e n e r a l c o v a r i a n t o s c i l l a t o r p o t e n t i a l i s 
s o l v e d p e r t u r b a t i v e l y f r o m a n a l y t i c s o l u t i o n s f o r t h e mass 
zero e q u a t i o n . 
5.2 C o v a r i a n t w a v e - f u n c t i o n s and t h e Bethe S a l o e t e r 
e q u a t i o n 
A c o v a r i a n t w a v e - f u n c t i o n d e s c r i b i n g a bound 
s t a t e o f A p a r t i c l e s 1^"0,V ^) t r a n s f o r m s under a L o r e n t z 
boost f\ as a t e n s o r p r o d u c t o f one p a r t i c l e s t a t e s . 
where £ t (A) i s t h e L o r e n t z boost f o r the p a r t i c l e . 
Our main i a t e r e s t i s i n t h e tv/o p a r t i c l e f e r m i o n a n t i -
f e r m i o n bound s t a t e w h i c h i s d e s c r i b e d by a w a v e - f u n c t i o n 
^"((L where i s t h e s p i n o r i n d e x and fZ t h e a n t i s p i n o r 
i n d e x . can be t r e a t e d as a 4 x 4 m a t r i x and i f 
i t i s expanded i n terms o f i n v a r i a n t s formed f r o m t h e 
D i r a c b i l i n e a r c o v a r i a n t s - ( ' > , fy, ^ s'fy» ) 
t h e n i t w i l l a u t o m a t i c a l l y have the c o r r e c t L o r e n t z 
t r a n s f o r m a t i o n p r o p e r t i e s . 
We now c o n s i d e r t h e e q u a t i o n f o r t h e c o v a r i a n t 
w a v e - f u n c t i o n due t o Bethe and S a l p e t e r ["63"] . The 
two p a r t i c l e Bethe S a l p e t e r w a v e - f u n c t i o n i s 
d i a g r a m a t i c a l l y r e p r e s e n t e d on t h e l e f t - h a n d s i d e o f 
f i g . 3 1 . (Of course t h e i n c l u s i o n o f the p r o p a g a t o r s 
i s p u r e l y f o r c o n v e n i e n c e ) . The b i n d i n g i s due t o t h e 
r e p e a t e d a c t i o n o f a b a s i c i r r e d u c i b l e p o t e n t i a l V 
composed of a l l graphs w h i c h do n o t s e p a r a t e i n t o two 
graphs when t h e c o n s t i t u e n t p a r t i c l e l i n e s are c u t . 
(As t h e s e graphs are a l r e a d y i n c l u d e d , see f i g s . 32 and 
33)- Because t h e p o t e n t i a l a c t s an i n f i n i t e number o f 
t i m e s one f u r t h e r i n t e r a c t i o n w i l l l e a v e i t u n a l t e r e d 
and hence we have the Bethe S a l p e t e r e q u a t i o n shown i n 
f i g . 3 1 . C l e a r l y i t i s easy t o g e n e r a l i z e t h i s e q u a t i o n 
t o bound s t a t e s of s e v e r a l p a r t i c l e s and f i g . 34 shows 
t h e e q u a t i o n f o r a t h r e e p a r t i c l e bound s t a t e . 
We now c o n s i d e r t h e s p e c i a l case o f a f e r m i o n -
a n t i - f e r m i o n bound s t a t e ; t h e Bethe S a l p e t e r e q u a t i o n i n 
momentum space i s 
is-*) 
where t h e r e p e a t e d i n d i c e s are summed over and ff± ~ fi^L » 
I n p o s i t i o n space t h i s e q u a t i o n i s i n g e n e r a l an i n t e g r o -
d i f f e r e n t i a l e q u a t i o n , however when the p o t e n t i a l j u s t 
depends on the exchange momentum i . e . \f(P', kpj, \ - Vffe-
t h e n t h e e q u a t i o n 2 becomes a d i f f e r e n t i a l e q u a t i o n 
( e q u a t i o n 5.3) i n p o s i t i o n space and t h i s i s t h e l a d d e r 
a p p r o x i m a t i o n . 
>- i s t h e c o - o r d i n a t e c o n j u g a t e t o q. 
The Bethe S a l p e t e r e q u a t i o n i s homogeneous 
and hence the v / a v e - f u n c t i o n n o r m a l i z a t i o n i s undetermined. 
The s i m p l e s t procedure i s t o n o r m a l i z e t o the charge on 
t h e c o n s t i t u e n t s as i n f i g . 35. For s p i n o r - a n t i - s p i n o r 
c o n s t i t u e n t s t h e r e s u l t i s 
v/here t h e f a c t o r ( A- ± Mc^} 
e x t r a p r o p o g a t o r w h i c h would o t h e r w i s e be i n c l u d e d and 
4?A i s t h e charge on t h e p a r t i c l e A and ^ - W*^° ' 
5.3 R e l a t i v i s t i c w a v e - f u n c t i o n s f r o m 
p h y s i c a l c o n s i d e r a t i o n s 
The most g e n e r a l f o r m f o r t h e p s e u d o s c a l a r 
ground s t a t e meson O^*"1") i s Y&4~i 
where A,B, G and D are even f u n c t i o n s o f (£• P I f i t 
i s assumed t h a t t h e ground s t a t e i s a pure S-wave as i n 
t h e n o n - r e l a t i v i s t i c quark model t h e n e q u a t i o n 5" reduces 
t o % f - \- ( a + g $ * ) (s-.fe) 
S i m i l a r l y f o r v e c t o r ;nesons, n e g l e c t i n g a l l b u t t h e 3-
wave s t a t e s (and t h e r e f o r e any s p i n o r b i t i n t e r a c t i o n ) 
we o b t a i n % v - U ' + ^ V <s.*\ 
where <=r^ _, i s a s p i n one w a v e - f u n c t i o n . 
I f we w i s h t o approximate t h e non-
r e l a t i v i s t i c model t h e n i n t h e r e s t frame t h e wave-
f u n c t i o n s h o u l d a c t l i k e t h e p r o d u c t o f a s p i n o r and 
a n t i - s p i n o r a t r e s t . B o o s t i n g t h i s i n t o t h e g e n e r a l 
frame we o b t a i n t he r e s u l t s f o 4 , 65*1. 
T h i s i s the approach o f t h e boosted symmetry schemes 
(\j((oj(=>)) however such w a v e - f u n c t i o n s c o r r e s p o n d t o 
weak b i n d i n g . 
I f t h e quarks are r e g a r d e d as r e a l o b j e c t s w i t h 
a l a r g e mass Mq Mmesor ' t- a e n ^he b i n d i n g energy — 2M q 
and the " i n d i v i d u a l q u a r k s " have e f f e c t i v e l y zero energy. 
Hence we expect t h e a m p l i t u d e f o r t h e " n e g a t i v e energy" 
p a r t of t h e wa.ve-function t o be o f t h e same o r d e r as the 
" p o s i t i v e energy" component. For t h e form s g i v e n i n 
e q u a t i o n s 6 and 7 t h e r e are o n l y two p o s s i b i l i t i e s o f 
t h i s t v o e and these are 
( r . lo) 
- 9 8 -
E q u a t i o n s 8, 9 and 10 a r e the t h r e e p o s s i b l e forms 
f o r t h e Be.the S a l p e t e r w a v e - f u n c t i o n s o f t h e pseudo-
s c a l a r and v e c t o r mesons c o n s i d e r e d by L l e w e l l y n -
S mith [64^ • S i m i l a r l y i t i s s i m p l e t o deduce t h e 
expected f o r m f o r t h e h i g h e r o r b i t a l s t a t e s p r o v i d e d 
o r b i t a l m i x i n g and s p i n o r b i t terms are n e g l e c t e d . 
We now proceed t o d i s c u s s t h e e x p e c t e d f o r m o f 
t h e Baryon w a v e - f u n c t i o n s . T h i s i s i m p o r t a n t because 
the s o l u t i o n o f t h e Bethe S a l p e t e r e q u a t i o n f o r baryons 
i s e v i d e n t l y much more d i f f i c u l t t h a n f o r mesons. We 
w i l l j u s t c o n s i d e r the o r b i t a l momentum zero s t a t e s as 
f o r mesons. C l e a r l y t h e n u c l e o n ^ u % f > C ' and 
th e A ^ U^XyC ' where U. i s some s p i n o r and C t h e 
charge c o n j u g a t i o n m a t r i x . I n t h e case o f the boosted 
n o n - r e l a t i v i s t i c w a v e - f u n c t i o n s t h e r e s u l t s are simple 
and are {65~] 
(s-. 11) 
where u ( p ) i s a f r e e s p i n o r o f momentum p and mass ( m ^ j 
Cj 0 j > a r e "k^e SU(3) quark w a v e - f u n c t i o n s 
and C f ^ are the Clebsch Gordon c o - e f f i c i e n t s f o r 
p r o j e c t i n g s p i n 3 ^ out. of ( /z © 1 
I n the s t r o n g b i n d i n g l i m i t j u s t as f o r 
mesons t h e w a v e - f u n c t i o n w i l l be made up o f a c o m b i n a t i o n 
o f pure " p o s i t i v e energy s p i n o r s " and pure " n e g a t i v e 
energy s p i n o r s " w i t h a p p r o x i m a t e l y e q u a l a m p l i t u d e 
and hence the n u c l e o n i s c o n s t r u c t e d f r o m 
and t h e (ST-1 X \ 
wnere i s a p o s i t i v e ( n e g a t i v e ) energy f r e e 
s p i n o r , and o< some phase. ( R e c a l l as i n t h e non-
r e l a t i v i s t i c model t h e quarsc v e l o c i t y i s s m a l l ) . The 
phase i s d i f f i c u l t t o e s t i m a t e a l t h o u g h t h e v a l u e 
c< - - t I w ould be c o n s i s t e n t w i t h meson s o l u t i o n s 
g i v e n i n e q u a t i o n 5*9. 
5 .4 The Feynman _K i s 1 ing_er Ravndal q_uark model 
The F.K.R. quarK model tf61~j g e n e r a l i s e s t h e 
harmonic o s c i l l a t o r n o n - r e l a t i v i s t i c quark model [ 6 5 ] 
t o i n c l u d e r e l a t i v i t y i n t h e s i m p l e s t p o s s i b l e manner, 
i n p a r t i c u l a r t h e s p i n i s t a k e n t o be independent o f t h e 
b i n d i n g p o t e n t i a l and o r b i t a l m o t i o n . 
Consider t h e n o n - r e l a t i v i s t i c harmonic 
o s c i l l a t o r quark model f o r mesons. I f jf>t , ^ and 
) 2£\ are trie momentum and p o s i t i o n s o f the qu a r k 
and a n t i q u a r y r e s p e c t i v e l y t h e n t h e H a m i l t o n i a n i s 
H - + -r " \ < ( s . - c*. u )• 
D e f i n i n g c^ , - Ipt-ftVo. and >£ - 2-'. - as t h e r e l a t i v e 
momentum and p o s i t i o n , t h e n i n t h e r e s t f r a n e e q u a t i o n 
I 3 becomes 
D e f i n i n g <<y - i ^ ^ o t h i s may be r e w r i t t e n i n the form 
Mow the r e l a t i v i s t i c energy squared i s ^ ^^o /x ~ (^K*H1~^0<L 
+ and hence i f 4 ^ i s added t o 
e q u a t i o n 5.15 we o b t a i n 
1 'ration ^ K r -~ ' 
T h i s e q u a t i o n has t h e advantage t h a t t h e quark mass 
does n o t occur e x o l i c i t l v . 
The n a t u r a l r e l a t i v i s t i c analogue o f e q u a t i o n 
5.15 i s 
where f,^ t , and x\p are t h e 4 - v e c t o r momentum 
and p o s i t i o n s o f t h e quark and a n t i q u a r y . (Note 
\X ~> *r ^  <j, H the n e q u a t i o n 17 f o l l o w s from e q u a t i o n 13) 
Of course K has t h e dimensions o f mass squared and t h e 
o s c i l l a t o r has been chosen t o be 4 - d i m e n s i o n a l t o m a i n t a i n 
c o v a r i a n c e i n a simp l e way. D e f i n i n g p, - £• -t- cj^ _ } £- c 
and •«- ^ t - ^ - i . e q u a t i o n 5-17 may be r e w r i t t e n , 
s e p a r a t i n g o u t t h e c e n t r e o f mass m o t i o n i n t h e f o r m 
or K - - 4 - ( < \ V « L x ^ 
Comparing w i t h e q u a t i o n 15 j K- Pl i s i d e n t i f i e d w i t h the 
mass squared o p e r a t o r ( I n c h a p t e r 6 we w i l l p r e s e n t 
an a l t e r n a t i v e argument f o r t h i s r e s u l t ) . D e f i n i n g t h e 
c r e a t i o n and a n n i h i l a t i o n o p e r a t o r s 
aT " ^ ^""^vVv/r^ ° t- ^  ( V i"3**' WJ** 
and s e t t i n g S~L- %i^r v/e o b t a i n 
C l e a r l y t h e s t a t e s l i e on s t r a i g h t Regge t r a j e c t o r i e s 
w i t h s l o p e S~L.. . 'The ground sto.te meson t h e n 
c o r r e s p o n d s ( a p a r t from the s p i n ) t o t h e o s c i l l a t o r 
vac an. .1 s t a t e \6} d e f i n e d by Q ^ l ^ - O and a l l 
t h e h i g h e r e x c i t e d s t a t e s are g e n e r a t e d by t h e a c t i o n 
o f t n e c r e a t i o n o p e r a t o r s , f o r i n s t a n c e t h e f i r s t 
e x c i t e d s t a t e i s G^jj |0^> . From the commutation 
r e l a t i o n s F°p j ^ / J - " ^ * i t can be seen t h a t t h e t i m e -
l i k e e x c i t a t i o n Go"/0/" has n e g a t i v e n o r m a l i z a t i o n , 
e x p l i c i t l y 
|| a 0 r^>II = c<>K<tf io>- <fc I <wo>—/ 
A s i m i l a r problem o c c u r s i n e l e c t r o d y n a m i c s q u a n t i z e d i n 
a c o v a r i a n t manner, ( a l s o d u a l models c . f . c h a p t e r 1 ) 
however i n t h i s t h e o r y t h e r e e x i s t s u b s i d u a r y (gauge) 
c o n d i t i o n s w h i c h decouple the unwanted s t a t e s . 
( A c t u a l l y t he t i m e l i k e s t a t e s are c a n c e l l e d by t h e 
l o n g i t u d o n a l s t a t e s and t h e gauge c o n d i t i o n s e f f e c t i v e l y 
decouple two s t a t e s making t h e photon t r a n s v e r s e ) . 
F.K.R. e l i m i n a t e t h e unwanted time l i k e s t a t e s by decree. 
I n t h e r e s t frame a s t a t e I S^ > w i l l c o n t a i n no t i m e l i k e 
e x c i t a t i o n modes i f C ( 0 ^ s ^ > ~ ° ° r ^ «o (O ~ Pa|i>-0 
and t h i s i s t h e gauge c o n d i t i o n adopted. However now 
( u n l i k e Q.E.D.) th e s e t o f p h y s i c a l s t a t e s i s no l o n g e r 
complete and u n i t a r i t y w i l l be v i o l a t e d . As a 
consequence the c a l c u l a t e d m a t r i x elements w i l l be t o e 
b i g and so F.K R. i n t r o d u c e an ad hoc c o r r e c t i o n f a c t o r F 
t o compensate f o r t h i s . 
Quarks have s p i n '/^ and y e t the o p e r a t o r 
c o n t a i n s no r e f e r e n c e t o s p i n . Of course the s p i n has 
b2e.i e x c l u d e d ^o t o r e t a i n t:ie .clo^e r c l .vfcion t o the 
-<?2-
n o n - r e l a t i v - i s t i c model, however t h e s p i n i s i m p o r t a n t 
i n t h e presence o f i n t e r a c t i o n s . For t h e purpose o f 
d e r i v i n g the e l e c t r o m a g n e t i c i n t e r a c t i o n f r o m t h e m i n i -
mal s u b s t i t u t i o n P^-^ - t h e terms p^ " i n e q u a t i o n s 
5. T8 i s i n t e r p r e t e d as jf^ L ^  where p£ * p^Xl^ 
To f i r s t o r d e r i n t h e e l e c t r i c charge t h e e l e c t r o m a g n e t i c 
i n t e r a c t i o n i s 
where i s t h e p o l a r i z a t i o n v e c t o r o f the e l e c t r o -
magnetic f i e l d (\^ - £p L and \/^ i s t h e c u r r e n t . 
The a x i a l c u r r e n t i s g i v e n by ^ j - « 
V/e must now f i n d some r e s t r i c t i o n among t h e 4 
co nponents of the quark s p i n o r s . ' I f t r i e quarks move 
ver y s l o w l y i n s i d e t h e hadron as i s r e q u i r e d f o r t h e 
n o n - r e l a t i v i s t i c model, t h e n we may d e t e r m i n e t h e 
s p i n o r s by assuming t h e quarks t o be a t r e s t . I n t h e 
weak b i n d i n g l i m i t we may use p a r i t y i n v a r i a n c e f o r each 
o f t h e quarks s e p a r a t e l y t o r e l a t e t h e l a r g e and s m a l l 
components, hence 
U'v. 2 U-t ? o r "the quark 
v/L - ~ ^ L f o r t h e a n t i q u a r k 
M u l t i p l y i n g by t h e hadron mass f^l and b o o s t i n g i n t o a 
f r a n e where t h e hadron i s moving w i t h 4-momentum 
we o b t a i n 
( - U ^  - O f o r t h e quark 
t ^ ) - O f o r t he a n t i quark 
T h i s i s e s s e n t i a l l y t h e p r e s c r i p t i o n o f F.K.R. a l t h o u g h 
t h e y use s p i n o r s ( r a t h e r t h a n a n t i s p i n o r s ) f o r the a n t i -
quarks as w e l l as t h s q u a r k s , presumably on t h e grounds 
t h a t t h i s m a i n t a i n s a c l o s e r r e l a t i o n t o t h e non-
r e l a t i v i s t i c model. T h i s i s e x a c t l y t h e same 
procedure as i n the boosted w a v e - f u n c t i o n s 
d i s c u s s e d i n s e c t i o n 3 except t h a t t h e mesons have t h e 
wrong p a r i t y . Thus t h e s p i n p a r t o f th e p s e u d o s c a l a r 
meson i s 
S i m i l a r l y the s p i n one w a v e - f u n c t i o n i s 
UttW Tfr\ 1 \ f C \ 
w h i c h are t h e same as e q u a t i o n 5.Q a p a r t f r o m t h e charge 
c o n j u g a t i o n m a t r i x . We emphasise however t h a t t h i s weak 
b i n d i n g p r e s c r i p t i o n i s c o m p l e t e l y independent o f t h e 
o t h e r components o f t h e model and s t r o n g b i n d i n g 
p r e s c r i p t i o n s as i n e q u a t i o n s 5.9 or 5.10 are e q u a l l y good. 
Th i s i s i m p o r t a n t because i t i s t h i s a spect o f t h e F.K.R. 
model t o g e t h e r w i t h t h e a n z a t z f o r t h e c u r r e n t s which 
e s s e n t i a l l y d e t e r m i n e t h e r e s u l t s o f t h e model. The 
harmonic o s c i l l a t o r form f o r t h e s p a c i a l p a r t o f t h e 
v/av e - f u n c t i o n m a t t e r s much l e s s as da t a e x i s t s o n l y f o r 
t h e low l y i n g s t a t e s . 
The F.K.R. model f o r baryons i s a s i m p l e 
e x t e n s i o n o f the meson model. The quark s p i n o r s a re 
c o n s t r u c t e d i n e x a c t l y t h e same way as f o r mesons. The 
mass squared o p e r a t o r i s s l i g h t l y more c o m p l i c a t e d 
because t h e r e a re two degrees o f freedom. From s i m i l a r 
arguments t o those f o r mesons we o b t a i n 
Removing the t e r n dae t o the c e n t r e o f mass m o t i o n 
Pj-tpL+jPj ) we o b t a i n t h e mass squared o p e r a t o r 
where STL ~ I2<^ 5 and we have cnosen t h e c r e a t i o n 
o p e r a t o r Q+ t o c o r r e s p o n d t o motion o f quarks 1 and 2 
about t h e i r c e n t r e and (D"*" t o co r r e s p o n d t o t h e m o t i o n 
o f quark 3 r e l a t i v e t o t h e c e n t r e o f mass. The 
c o r r e s p o n d i n g J a c o b i c o - o r d i n a t e s a re 
The c u r r e n t s f o r baryons are d e f i n e d i n a 
s i m i l a r manner t o those f o r mesons by t r i e m i n i m a l 
p r e s c r i p t i o n . 
E x p e r i m e n t a l q u a n t i t i e s are c a l c u l a t e d i n the 
t h e o r y by t a k i n g m a t r i x elements o f the c u r r e n t s i n 
d i r e c t analogy w i t h n o n - r e l a t i v i s t i c quantum mechanics. 
Thus i f Hj- - Hj + i s a p e r t u r b a t i o n f o r a meson 
s t a t e then t h e a m p l i t u d e t o make a t r a n s i t i o n f r o m a 
s t a t e i t o a s t a t e 3 i s 
where ]hi^>and |/yj^ > are harmonic o s c i l l a t o r s t a t e s and 
v/e have n e g l e c t e d u n i t a r y s p i n f a c t o r s . Besides t h e 
c o n t r i b u t i o n due t o u"^  Hj U,- t h e r e v ; i l l be a 
p r o j e c t i o n due t o U 2 £ <-Vt because quark 2 w i l l 
change momentum w i t h t he meson. (See f i g . 3'5; a l s o 
n o t e s p i n o r n o r m a l i z a t i o n u u - ) ) . F.X.R. c o n s i d e r 
p r o j e c t i o n s o f t h i s s o r t t o be s p i i r i o u s and n e g l e c t them. 
E l e c t r o n.agnetic processes a re c a l c u l a t e d by 
t a k i n . ; : i a t r i x 0 I 2 ;.e:ito of the vee Ivor c u r r e n t , w >\ch i s 
conserved p r o v i d e d p r e d i c t e d masses a r e used. F.K.R. 
choose t o i n c l u d e symmetry b r e a k i n g by u s i n g p h y s i c a l 
masses, however t h i s causes some u n p l e a s a n t r e s u l t s . 
(See n e x t c n a p t e r ) . .Decays by e m i s s i o n o f a pseudo-
s c a l a r meson are c a l c u l a t e d by r e p l a c i n g t h e pseudo-
s c a l a r by the d i v e r g e n c e o f t h e a x i a l c u r r e n t as i n 
P.C.A.C. t h e o r y but t h e c o n s t a n t o f p r o p o r t i o n a l i t y i s 
s l i g h t l y d i f f e r e n t f r o m t h e P.C.A.C. v a l u e . The r e s u l t s 
emerging from these c a l c u l a t i o n s f o r mesons are 
c o n s i d e r e d i n t h e n e x t c h a p t e r . 
5.5 The Bethe _Salpeter quark model o f 
Bohm Joos and Kramrner 
Consider the rfethe S a l p e t e r e q u a t i o n f o r a 
quark a n t i q u a r k bound by a c o y a r i a n t p o t e n t i a l V, f r o m 
s e c t i o n 2 we have i n t h e l a d d e r a p p r o x i m a t i o n 
For f i n i t e v a l u e s o f t h e bound s t a t e energy the e q u a t i o n 
i s e x t r e m e l y c o m p l i c a t e d . However, f o r massless bound 
s t a t e s ( i . e . P = 0) t h e e q u a t i o n becomes more t r a c t a b l e 
and i s e x a c t l y s o l u b l e f o r t h e coulomb p o t e n t i a l . The 
reason f o r t n i s s i m p l i f i c a t i o n i s t h a t t h e e q u a t i o n 
(see below) now e x h i b i t s 0 ( 3 . ' ) syinmetry. 
I t i s p o s s i b l e t o d e f i n e an a n a l y t i c c o n t i n u a t i o n i n t h e 
<o^0 v a r i a b l e t o pure i m a g i n a r y v a l u e s [_"67~] and t h e n 
e q u a t i o n 31 d i s p l a y s Qfo) • symmetry. Making an Q6^) 
expansion e q u a t i o n 5.31 reduces t o a " h y p e r r a d i a l " e i g n -
v a 1 u e e a 11 a t i J n f o r A . 
B.J.:C. f62J approach t h e equark model i n t h e 
same s p i r i t . The p o i n t i s t h a t t h e quark mass r * l ^ i s 
l a r g e compared w i t h t h e meson masses f o r the low l y i n g 
s t a t e s which suggests t a k i n g a f i r s t a p p r o x i m a t i o n 
^ n a d r o n ~ ^ a n d t h e n p r o c e e d i n g w i t h a p e r t u r b a t i o n 
•expansion i n Whadron/ (Y)^ . 
The most g e n e r a l expansion f o r a l o c a l p o t e n t i a l 
i s i n terms o f t h e Fermi i n v a r i a n t s f l- ( ( j X ^ , , ^ r ^ , \ 
So as t o o b t a i n a p p r o x i m a t e l y l i n e a r t r a j e c t o r i e s t h e 
p o t e n t i a l s are chosen t o be c o v a r i a n t o s c i l l a t o r s 
i s t h e d e p t h o f t h e w e l l (below 7 = 0) 
The d e t a i l s o f t h e c a l c u l a t i o n are b o t h 
c o m p l i c a t e d and t e d i o u s and we w i l l s i m p l y quote some 
of t h e r e s u l t s . 
The f i r s t p o i n t o f i n t e r e s t i s t o n o t e t h a t a 
r e l a t i v i s t i c q uark model does n o t produce as a m a t t e r of 
course the non r e l a t i v i s t i c charge c o n j u g a t i o n p a r i t y 
s pectrum. T h i s r e s u l t depends upon t h e p o t e n t i a l and 
t h e r e are two s i m p l e c h o i c e s w h i c h g i v e the non-
r e l a t i v i s t i c spectrum and these are 
Both i n t e r a c t i o n s i n c l u d e so:ne n e g a t i v e n o r m a l i z a t i o n 
t i m e l i k e s t a t e s . I n t h e o r i g i n a l paper £b2~] 
i n t e r a c t i o n 5.34 was chosen a l t h o u g h i n a more r e c e n t 
paper fo8~] t h e i n t e r a c t i o n i s f a v o u r e d , 
(because t h i s l e a d s t o s a t u r a t i o n o f t h e quark f o r c e s ) . 
I n b o t h cases the s o l u t i o n s c o r r e s p o n d t o one or o t h e r 
o f t h e f o r us f o r s t r o n g b i n d i n g suggested i n s e c t i o n 3. 
The advantage o f the 3.u ."_\. model over t h e 
pheno.nenological anzatz d i s c u s s e d p r e v i o u s l y i s t h a t 
t h e parameters o f t h e model are r e l a t e d t o t h e meson 
mass spectrum. 
One i m p o r t a n t a p p l i c a t i o n i s t o meson decay 
a m p l i t u d e s £o3]. Guided by the d u a l i t y diagram approach 
t h e model shown i n f i g . 37 i s used and produces r e s u l t s 
which are i n r e a s o n a b l e agreement w i t h e x p e r i m e n t s . 
(The p r e d i c t e d decay w i d t h s are a l i t t l e worse t h a n 
those p r e d i c t e d on the F.K.R. model ) . 
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6 . A _ r e l a t . i vist i c _qu a r k gnode 1 f o r mesons 
'j' ^  I r't t r o l u c t i on 
The a b i l i t y o f the symmetric n o n - r e l a t i v i s t i e 
harmonic o s c i l l a t o r quark model to c l a s s i f y mesons and 
baryons and. t o d e s c r i b e some f e a t u r e s o f t h e i r i n t e r -
a c t i o n s i s w e l l e s t a b l i s h e d [~15 , 66}. I n t h e p r e v i o u s 
c h a p t e r so ne a t t e m p t s t o d e r i v e r e l a t i v i s t i c 
g e n e r a l i - a t i o n s o f the model were d e s c r i b e d [*51 , 62.; 
64. 657- However, the b a s i c p u z z l e o f t h e quark model 
r e g a i n s ; namely what i s t h e o r i g i n o f the success o f t h e 
.node! g i v e n t h a t p h y s i c a l quarks do n o t seen t o e x i s t 
[see c h a p t e r l ) . Of course i t i s l e g i t i m a t e t o e x p l a i n 
the a p p a r e n t absence o f quarlc p r o d u c t i o n by assuming v e r y 
heavy q u a r k s . However i f quarks can e x i s t as f r e e 
p a r t i c l e s t h e n t h e i r p r o p e r t i e s are d i f f i c u l t t o understand 
f o r i n s t a n c e quarks appear t o obey symmetric s t a t i s t i c s 
w h i c h i s i n a p p r o p r i a t e f o r f e r n i o n s and a l s o t h e quark 
f o r c e i s n o t o f a s i m p l e exchange t y p e . v/e p r e f e r t o 
t a k e a more a b s t r a c t view o f quarks as b e i n g i n some way 
i n s e p a r a b l e f r o m t he hadron. S p e c i f i c a l . l y a hadron i s 
conceived as an e x c i t a t i o n o f some b a s i c extended o b j e c t , 
and t h e quarks are expected t o a r i s e n a t u r a l l y as i n t e r n a l 
degrees o f freedom i n t h e f r e e f i e l d t h e o r y o f t h e s y s t e n. 
I n a model of t h i s s o r t the harmonic i n t e r a c t i o n s o f t h e 
quarks can be e a s i l y u n d e r s t o o d . An example o f a model 
of t h i s t y pe i s t h e d u a l model where the extended o b j e c t 
i s a r o t a t i n g s t r i n g , e x e c u t i n g t r a n s v e r s e v i b r a t i o n s ?~[ , 
but t h i s f o r m o f the model .Iocs n o t i n c l u d e 5U(3) degrees 
o i f r e e d 0 fi'l • 
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The i n s e p a r a b i l i t y o f quarks from hadrons may 
be expressed by l e t t i n g t h e quark mass become i n f i n i t e . 
That t h i s l i m i t r e l a t e s t h e bound s t a t e q u ark dynamics t o 
th e d u a l model has been demonstrated by Susskind . 
Susskind c o n s i d e r s t h e Bethe S a l p e t e r e q u a t i o n f o r two 
s c a l a r quarks i n t h e i n f i n i t e mass l i m i t , w h e n t h e 
e q u a t i o n becomes l i n e a r . S o l v i n g t h i s e q u a t i o n f o r 
harmonic o s c i l l a t o r i n t e r a c t i o n s i t i s p o s s i b l e t o 
o b t a i n an e x p r e s s i o n f o r t h e f o u r p o i n t f u n c t i o n i n t h e 
narrow resonance a p p r o x i m a t i o n w h i c h i s c l o s e l y r e l a t e d 
t o t h e Veneziano f o r m u l a . Indeed t h i s model was t h e 
p r e c u r s o r t o t h e s t r i n g models v/nere an i n f i n i t e s e t of 
f r e q u e n c y modes are i n c l u d e d . The Suss k i n d model i s 
e s s e n t i a l l y i d e n t i c a l t o t h e _?.X.R. model w h i c h we may 
t h e r e f o r e r e g a r d as t h e l o w e s t o r d e r a p p r o x i m a t i o n t o 
t h e F u b i n i Veneziano model. 
I t i s our aim i n t h i s c h a p t e r t o b u i l d a model 
s i m i l a r t o F.S.R. b u t i n c o r p o r a t i n g s p i n i n a dy n a m i c a l 
manner . Because quarks have s p i n ^ the r e s u l t 
s h o u l d be analogous t o t h e l o w e s t o r d e r e q u a t i o n i n t h e 
Ramond model Jj2~] f o r f e r m i o n s namely ( c h a p t e r 1 
e q u a t i o n 1 .31 ") 
where t h e b's are s p i n e x c i t a t i o n o p e r a t o r s and t h e O^S 
o r b i t a l e x c i t a t i o n o p e r a t o r s . V/e i n t e r p r e t t h e n e g l e c t 
o f t h e h i g h e r e x c i t a t i o n modes as b e i n g e q u i v a l e n t t o 
n e g l e c t i n g t h e sea o f quark a n t i q u a r k p a i r s . 
- i o o -
Y/e are a c l e t o c o n s t r u c t a model of t h i s t y pe 
f o r mesons by demanding t h a t t h e squared e q u a t i o n r e t a i n 
harmonic o s c i l l a t o r f o r n . The main way t h a t our e q u a t i o n 
d i f f e r s f r o m t h e d u a l model r e s u l t 6.1 i s by t h e 
n a t u r a l i n c l u s i o n o f s u b s t a n t i a l s p i n o r b i t terms and 
t h i s i s s u g g e s t i v e o f t h e Melosh t r a n s f o r m a t i o n . Of 
course our quar.cs are c o n s t i t u e n t quarks ( b u t n o t S U ( 6 ) ^ 
quarks) whereas t h e c u r r e n t quarks are r e g a r d e d as 
i n c l u d i n g the sea o f v i r t u a l quark a n t i q u a r k p a i r s . 
I n p r a c t i c e t h i s i s n o t t h e case as the " f r e e c u r r e n t " 
quarks o f t h e Melosh t r a n s f o r m a t i o n are c o n s t i t u e n t 
quarks i n e x a c t l y t h e same sense as our model. 
However, i f c o n s t i t u e n t quarks are c o n f i n e d t o mean 
3 U ( 6 ) W quarks t h e n t he " s m a l l components" i n b o t h t h e 
Melosh model and our model c o n t a i n e d " c o n s t i t u e n t quark 
a n t i q u a r k " p a i r s and i n t h i s sense our model i n c o r p o r a t e s 
c u r r e n t quarks. 
We are a b l e t o c a l c u l a t e t h e quark mass t h a t 
e n t e r s our model f r o m p i o n decay and u n f o r t u n a t e l y i t 
t u r n s out t o be o f t h e same o r d e r as t h e p s e u d c s c a l a r 
meson mass j u s t as i n t h e n o n - r e l a t i v i s t i c model and so 
t h e whole scheme seems t o be s e l f c o n t r a d i c t o r y . T h i s 
i s n o t t h e case. I f quarks are i n s e p a r a b l e from t h e 
•hadron t h e n t h e quark mass has no meaning and cannot e n t e r 
the m a t r i x elements as a p h y s i c a l parameter a l t h o u g h t h i s 
would be t h e case i f v/e i n t e r p r e t e d t h e O l i m i t 
s i m p l y as an a p p r o x i m a t i o n t o heavy quarks. The 
p r e s c r i p t i o n i^^-^oO i s r e g a r d e d as a d e v i c e f o r 
o b t a i n i n g c o n s i s t e n t r e l a t i v i s t i c r e s u l t s w h i l e e x c l u d i n g 
quark p r o p a g a t i o n e f f e c t s . The form o f t h e m a t r i x 
elements o b t a i n e d i n t h i s manner i s e n t i r e l y analogous 
t o t h e d u a l model and a l s o t h e ?.X.R. model. Quark 
p r o p a g a t i o n ' e f f e c t s are o m i t t e d n o t because the quarks 
have l a r g e mass but r a t h e r because quarks are i n t r i n s i c 
t o hadrons and have no s e p a r a t e e x i s t e n c e . 
V/hen d e a l i n g v / i t h t h e O""*- nonet v/e v / i l l assume 
no 71^' m i x i n g and f o r t h e 1**" nonet we t a k e ^ ^ t o 
be i d e a l l y mixed. 
6 .2 The Model 
Consider two quarks o f momenta p-j and P2 bound 
by a c o v a r i a n t p o t e n t i a l 7. The BS e q u a t i o n i s * 
and i f t h e quark mass, M^, i s l a r g e t h e e q u a t i o n can be 
approximated, by 
where m Q i s the e f f e c t i v e quark mass. 
S u b s t i t u t i n g f o r t h e c e n t r e o f mass and r e l a t i v e momentum 
v a r i a b l e s P, g i v e n by ^ * % > P L ^ ^. ~ \ e q u a t i o n 
becomes 
*V/e c o n s i d e r the quark quark e q u a t i o n . The quark 
a n t i q u a r k r e s u l t i s d e r i v e d u s i n g t h e charge c o n j u g a t i o n 
- / 0 2 -
We choose the fo r m o f t h e i n t e r a c t i o n i n t h e 
same way as ?. 'i.d. As one can d e r i v e t h e i r model from 
a ES e q u a t i o n f o r s c a l a r quarks 
g i v i n g as m^-^oo 
t h e method i s s t r i c t l y a nalagous. For harmonic 
o s c i l l a t o r i n t e r a c t i o n t h i s becomes 
where i < ^ - - L ^ - x ^ - x ^ 1 S t h e r e l a t i v e s e p a r a t i o n o f 
t h e quarks and 'c' i s a c o n s t a n t . I n t r o d u c i n g c r e a t i o n 
and a n n i h i l a t i o n o p e r a t o r s 
We o b t a i n t h e F.i-C.R. model 
where 57. = S V j and p^1" t h e meson mass squared. 
To o b t a i n t h e i n t e r a c t i o n f o r s p i n o r quarks we 
l i n e a r i z e i n the s p i n space X-fy-L t o get 
To ensure t h a t t h e . s q u a r e d e q u a t i o n has o s c i l l a t o r f orm 
v/e must e l i m i n a t e terms q u a d r a t i c i n a M and a^ "*" by 
t h e c o n d i t i o n s 
< o ^ - - ^ a y = o ( f a - i l ) 
eq 6.4 d e t e r m i n e s the way i n w h i c h t h e i n t e r n a l 
momenta e n t e r eq 6.10 . These c o n s t r a i n t s suggest 
t h e form 
< V = ± t t + P ± ) ( W - ) . (6.12) 
where L o r e n t z and p a r i t y i n v a r i a n c e i n d i c a t e how P ± can 
be expanded i n ter^.s o f ?ermi b i l i n e a r c o v a r i a n t s . 
Using eq 6,12 one can deduce t h a t 
= i d * WXXV^ ' s - 1 ^ 
and t h e square r o o t e q u a t i o n becomes 
[ fii O ^ - t - V ) -M 0-+ ^ ( ^ a - e ^ a - r y j d ) ^ o (6.14) 
E x p l i c i t l y 
J p f ^ a + o L C ^ ( V - ^ ) ^ - ^ X ? X ? ( V - X ^ K (6.15) 
we deduce t h a t 
U ( ^ , ; X ^ - - ~ ^ ^ ^ ( X / - X P ) ^ . - ^ V (6.16) 
T h i s form o f the i n t e r a c t i o n , l i n e a r i n p o s i t i o n v a r i a b l e 
w hich, l i k e t he momenta, are c o n t r a c t e d w i t h D i r a c 
m a t r i c e s can be seen t o a r i s e f r o m t h e p o s i t i o n momentum 
symmetry c h a r a c t e r i s t i c o f the harmonic o s c i l l a t o r , 
eq (6.15) i s c l e a r l y i n v a r i a n t under t h e i n t e r c h a n g e 
- IP 4- -
We n o t e t h a t because t h e i n t e r a c t i o n 
does n o t c o n t a i n a s c a l a r p o t e n t i a l v.;e are 
unable t o c a n c e l t h e l a r g e quark mass, m , on which we 
have based our d e r i v a t i o n , t o g e t a s m a l l e f f e c t i v e 
qua.rk mass mQ . The apparent i n c o n s i s t e n c y w h i c h a r i s e s 
f r o m ;n b e i n g i n f a c t niq we s h a l l i g n o r e i n o r d e r t o t a k e 
advantage o f t h e rriq — a n s a t z . The o b v i o u s 
advantage i s the e l i m i n a t i o n o f quark p r o p a g a t o r e f f e c t s 
w h i c h e s t a b l i s h e s a c l o s e r e l a t i o n between our 
r e l a t i v i s t i c r e s u l t s and n o n - r e l a t i v i s t i c r e s u l t s . 
T h i s p h i l o s o p h y i s e n t i r e l y c o n s i s t e n t w i t h t h a t o f 
j . K . R . ( s c a l a r quarks v e r s u s our s p i n o r q u a r k s ) and our 
d e s i r e t o e s t a b l i s h a c a i c u l a t i o n a l p r e s c r i p t i o n f r o m 
w h i c h we can a b s t r a c t s y s t e m a t i c s . 
A f u r t h e r advantage o f t h e i n f i n i t e quark mass 
p i c t u r e i s t h a t we can r e g a r d the i n t e r n a l m o t i o n o f the 
c o n s t i t u e n t quarks as n o n - r e l a t i v i s t i c ( a l t h o u g h we a r e 
then o b l i g e d t o n e g l e c t t h e r e l a t i v e energy i n the c e n t r e 
o f mass). T h i s a l l o w s us to r e p l a c e t h e f o u r d i m e n s i o n a l 
o p e r a t o r s , O j j by 
As f | -=. ( o ; Q . y i n t h e r e s t frame, t h e c l o s e r e l a t i o n s h i p 
w i t h t h e n o n - r e l a t i v i s t i c model i s c l e a r . As w e l l , t h e 
n e g a t i v e norm t i m e l i k e s t a t e s are e l i m i n a t e d . These 
s t a t e s i n t h e F.K.R. model are decoupled f r o m p h y s i c a l 
s t a t e s by a ;auge c o n d i t i o n and t h i s has t h e e f f e c t o f 
v i o l a t i n g u n i t a r i t y . As a consequence > t h e "J'.K.R. m a t r i x 
elements a r e t o o l a r g e and t h e y a r e o b l i g e d t o reduce them 
by u s i n g 'an a d j u s t m e n t f a c t o r ' . 
- ( OS-
'S .3 P r o p e r t i e s o f t h e wave f u n c t i o n s 
The s o l u t i o n s t o eq 6.14 can be b u i l t up 
i n a Pock space v / i t h a vacuum lOp^> d e f i n e d by 
* ] H | c y > - = o (6.17) 
T h i s i s j u s t t h e o r d i n a r y n o n - r e l a t i v i s t i c o s c i l l a t o r 
ground s t a t e i n t h e r e s t frame. A g e n e r a l s o l u t i o n o f 
6.14 can t h e n be w r i t t e n as 
where i j ^ i s a 4 x 4 m a t r i x . I n c a l c u l a t i o n s , quark 
o p e r a t o r s a c t on fro m t h e r i g h t , w h i l e a n t i q u a r k 
o p e r a t o r s a c t from t h e l e f t . The i n v a r i a n c e p r o p e r t i e s 
o f t h e s o l u t i o n s under charge c o n j u g a t i o n , L o r e n t z and 
p a r i t y t r a n s f o r m a t i o n s are d e f i n e d i n t h e same way as 
f o r t h e SS wave f u n c t i o n s . I n p a r t i c u l a r , charge 
c o n j u g a t i o n i s d e f i n e d by 
C f r*f) C ' 10f> - 1 f^p h . 1 f ) I °p> (6.19) 
Because the wave f u n c t i o n does n o t depend on 
the r e l a t i v e energy (a consequence o f t h e i n f i n i t e quark 
mass approach) v/e can n o t use t h e i n v a r i a n t measure d^q. 
T h i s r e q u i r e s r e d e f i n i t i o n o f t h e s c a l a r p r o d u c t w h i c h v/e 
do i n a way m o t i v a t e d by P.K.R. That i s , we r e p l a c e 
\ 0.,^ > by | 0)> t h e 4 d i m e n s i o n a l vacuum s t a t e , which 
a l s o s a t i s f i e s 5.18*. The s p i n p a r t o f t h e s c a l a r 
p r o d u c t i s d e f i n e d i n the u s u a l way, so v/e have 
where • 2-®} • 
^ N o t i c e t h a t p r e s c r i p t i o n b r i n g s t h e mode], t o t h e 
same form as expected f r o m a gauge t h e o r y . 
-/ 
V/e n o r m a l i z e t h e wave f u n c t i o n s by u s i n g t h e 
m a t r i x elements o f t h e quark c u r r e n t a t zero momentum, 
t r a n s f e r . These d e f i n e t he quark charge, e , and g i v e 
< f P / ± & f t y > •= -<o[Tr%C^) ^ ^ f ) ( o > ^ ( 6 . 2 l ) 
V/e co:npare t h i s w i t h t h e c o r r e s p o n d i n g B3 n o r m a l i z a t i o n 
( P i g . 3 3 ) . 
<</>r( ^ - T r <frYtf(4^^)> (3.22) 
which f o r l a r g e mq becomes 
^ ~~ v^<\Si~ Vi"^" a n ( * v / e n o t e t h a t our n o r m a l i z a t i o n 
i n (6.21) i s c o n s i s t e n t w i t h t he g e n e r a l approach. 
As i s o b v i o u s f r o m t h e above, t h e m i n i m a l 
v e c t o r c u r r e n t f o r t h e quarks i s 
w i t h F = exp ( - ^ / i S i ) and the c e n t r e o f mass phase 
f a c t o r n e g l e c t e d . The a x i a l c u r r e n t i s 
^ - ^ \ - ) ! r F a ^ C - w ( 6 . 2 4 ) 
N e g l e c t i n g t h e u n i t a r y s p i n f a c t o r t h e a n t i q u a r k o p e r a t o r 
are g i v e n by 
O j - F C ^ % ^ (6-25) 
v/here f"* i s e i t h e r ^ or "c^ X^  . The c o r r e s p o n d i n g a n t i -
quark m a t r i x elements are g i v e n by 
<4>eJ 0 ? i|xiV> - F <~C>lTr<$ (oft,I,) 
0»„*jr) C l0> (5.26) 
- I o ? -
6 .4- The S o l u t i o n s 
The s o l u t i o n s f o r t h e model were found by t h e 
d i r e c t method o f w r i t i n g eq (6.14) as a s e t o f c o u p l e d 
e q u a t i o n s a t the P a u l i s p i n o r l e v e l i n t h e r e s t frame, 
a n d ' a l g e b r a i c a l l y r e d u c i n g them t o a s i n g l e e q u a t i o n ; 
the d e t a i l s a re g i v e n i n appendix 4. 'The r e s t r i c t i o n s 
o f charge c o n j u g a t i o n and p a r i t y were a p p l i e d from t h e 
o u t s e t t o d i v i d e t h e s o l u t i o n s i n t o two c l a s s e s c h a r a c t e r -
i s e d by t h e v a l u e o f PC. The c l a s s e s are PC = - 1 w h i c h 
corresponds i n t h e non r e l a t i v i s t i c q u a r k model t o s p i n 
z e ro, and PC = + 1 which corresponds t o s p i n one. 
T h i s r e l a t i o n between PC and quark s p i n i s m a i n t a i n e d i n 
the r e l a t i v i s t i c wave f u n c t i o n s , b u t o n l y i n g e n e r a l by 
the l a r g e components. W i t h some manipulation'.'-one f i n d s 
t h a t t h e l a r g e components a r e e i g e n s t a t e s of t h e number 
o p e r a t o r and t h i s i s used t o c o n s t r u c t t h e f u l l s o l u t i o n . 
T h i s s o l u t i o n , r e - w r i t t e n i n c o v a r i a n t f o r m , can t h e n be 
v e r i f i e d by s u b s t i t u t i n g i t back i n t o eq (6.14) 
(see appendix 4 ) . 
6.4.1 PC = - 1 
V/e r e p r o d u c e t h e non r e l a t i v i s t i c r e s u l t t h a t 
the C = ( - ) ^ + \ P = ( - ) ^ mesons are f o r b i d d e n and t h i s 
f o l l o w s d i r e c t l y f r o m t h e r e q u i r e m e n t t h a t t h e i n t e r a c t i o n 
be 3 d i m e n s i o n a l . • I n g e n e r a l however, the i n t e r a c t i o n 
can be 4 d i m e n s i o n a l , i n whic h case t h i s r e s u l t becomes 
s t r o n g l y dependent on t h e spin-space s t r u c t u r e o f the 
i n t e r a c t i o n jy62] • 
The s o l u t i o n f o r a PC = - 1 s t a t e o f mass m and 
s p i n quant-urn numbers ( J , J-) i s 
- J 0 8 
f o r G = ( - ) J , ? = ( - ) J + 1 . |(V/^T,T^>. i s an 
e i g e n s t a t e o f t h e harmonic o s c i l l a t o r number o p e r a t o r , 
~'lfr^ v / i t h e i g e n v a l u e N, and J , J Z a r e o r b i t a l 
a n g u l a r monentum quantum numbers. IVe n o t e t h a t i n t h e 
l i m i t S3.-?>0 the s o l u t i o n reduces t o t h a t f o r a f r e e 
(mass m ) quark and a n t i q u a r y , w i t h r e l a t i v e momentum 
zero and c o n s e q u e n t l y t h e r e i s no a d m i x t u r e o f u n d e s i r a b l e 
n e g a t i v e energy s t a t e s . V/e a l s o n o t e t h a t t h e ground 
s t a t e p s e u d o s c a l a r s o l u t i o n 
-7U , 0 > (6.28) 
i s s i m p l y a boosted n o n - r e l a t i v i s t i c s o l u t i o n . 
Tht 
t r a j e c t o r i e s 
YAZ^^±SIN J f \ f * 0 , ^ - - - (6.29) 
I f we choose the s l o p e o f t h e t r a j e c t o r y t o be 52 '- I 
2 
and t a k e f o r m t h e average o f t h e square o f t h e 
2 ? 
p s e u d o s c a l a r meson masses, mQ =0.25 G-eV v/e repro d u c e 
r e a s o n a b l y t h i s s e c t i o n o f t h e mass spectrum ( F i g . 39). 
The presence o f terms conta.'.ning t h e i n v e r s e 
o f t h e p s e u d o s c a l a r mass g i v e r i s e t o l a r g e symmetry 
b r e a k i n g and t h e Van Royen-Weisskopf paradox [7TJ . As 
t h i s r e s u l t s i n unreasonable p r e d i c t i o n s and n o t o n l y f o r 
ps e u d o s c a l a r meson decay m a t r i x e l e m e n t s , we a v o i d i t by 
u s i n g p r e d i c t e d r a t h e r t h a n p h y s i c a l masses i n eq (4.1). 
Then t h e 0 " ^ s o l u t i o n (6.23) has the same s p i n s t r u c t u r e 
as t h a t p o s t u l a t e d by Gudeus £o5\ . 
I n t h e BS model o f I J J K t a e 0~ s o l u t i o n s have a 
s i m i l a r f orm but $//v\ i s r e p l a c e d by ^ / V Klq U a r>* T h i s 
has t h e advantage o f r e s o l v i n g t h e Van Roy en-We.isskopf 
paradox i n a n a t u r a l way £6'i| . 
F i n a l l y , i t i s i n t e r e s t i n g t o observe t h a t 
i n f i x i n g t h e s l o p e parameter, 57 , v/e have f i x e d t h e 
par* 
s i z e o f t h e nadron /_72J . The space^of t h e ground s t a t e 
wave f u n c t i o n i s 
where '/to> - ^/Sl ~ ^ n a t u r a l u n i t s . R i s 
e s s e n t i a l l y t h e average s e p a r a t i o n o f t h e quarks and 
dete r m i n e s t he s i z e o f t h e meson. The meson c r o s s 
s e c t i o n i s T T ( ^ 1 ^ 'X,^- n a t u r a l u n i t s ^ 10 mb, w h i c h i s 
not u n r e a s o n a b l e . 
6.4.2 PC = + \ 
I n s o l v i n g f o r t h e PC = + 1 we have t h e added 
d i f f i c u l t y t h a t t he s o l u t i o n s a r e n o t , i n g e n e r a l , u n i q u e . 
However f o r s p e c i a l cases, i n c l u d i n g t h e l e a d i n g 
t r a j e c t o r y , t h e s t a t e s are unambiguous. These cases 
occur when t h e s p i n i s equal t o t h e o r b i t a l a n g u l a r 
momentum i n t h e l a r g e components. 
The problem o f a m b i g u i t y a r i s e s because t h e 
e i g e n v a l u e e q u a t i o n a t t h e P a u l i s p i n o r l e v e l demands an 
e i g e n s t a t e of t h e number o p e r a t o r . As a d i r e c t 
consequence the quark s p i n and t h e o r b i t a l a n g u l a r momentum 
are decoupled and f o r a g i v e n meson s p i n ^ t w o p o s s i b l e 
v a l u e s o f o r o i t a l a n g u l a r momentum a r e a l l o w e d . T h i s 
degeneracy has t h e compensation t h a t t h e r e i s no s p i n o r b i t 
s p l i t t i n g . A l s o , as the f i r s t such case occurs f o r a 
s p i n 1 meson w i t h N - 2 t h e e f f e c t i s i r r e l e v a n t f o r 
p r a c t i c a l c a l c u l a t i o n s . The c r i t e r i o n we impose t o get 
a 0e,:-„r:d. ..:.: : ; 1 a.. i s to r e q . i i r e a:e res;; :.'r:.c wave 
f u n c t i o n to have no s p i n zero components, i n accord w i t h 
t h e unambiguous s o l u t i o n s . 
-1(0-
The u n n o r n a l i z e d PC•= + 1 s t a t e s a r e the n 
g i v e n bv 
where C = P = (-)^ , £V i s a s p i n one wave f u n c t i o n and 
r 
£ L V ^ G i s t h e L e v i - C i v i t a t e n s o r d o t t e d i n t o f o u r 
4 v e c t o r s . The s o l u t i o n has n o t been s e p a r a t e d i n t o 
i t s p o s s i b l e s p i n s t a t e s o f ^-h , -Z - I and d . As i n 
the PC = - 1 s o l u t i o n we n o t e t h a t i n t h e l i m i t Sl^O 
t h e s o l u t i o n reduces t o t h a t f o r a f r e e quark and a n t i -
q uark (mass m ) w i t h r e l a t i v e momentum zero and we a r e 
a b l e t o conclude t h a t t h e r e i s no n e g a t i v e energy 
a d m i x t u r e . 
The t e r m -Vr—-}, v/.iich v a n i s h e s i n t h e case 
J = £ , i s r e s p o n s i b l e f o r a d d i n g t h e e x t r a o r b i t a l 
a n g u l a r momentum i n t h e l a r g e components f o r t h e 
cases, J = Jt~k. 1, where t h e s o l u t i o n i s n o t u n i q u e . 
I n o r d e r to u n d e r s t a n d the s i g n i f i c a n c e o f t h e 
o t h e r terms i n eq. (6.31) i " t i s e a s i e s t t o c o n s i d e r t h e 
ground s t a t e v e c t o r meson s o l u t i o n 
(6.32) 
The t e r m i n v o l v i n g (m + m 0 ^ j ) i s c l o s e l y r e l a t e d t o a 
boosted n o n r e l a t i v i s t i c w a v e - f u n c t i o n . I n f a c t i f 
m Q = m i t i s j u s t t h a t and t h e term reduces t o the 
s o l u t i o n o f Gu.deus [65] . The v e c t o r meson s o l u t i o n o f 
BJK 
( I + -^H I 0 > ' > <%> °> t t - f f e y (6. 33) 
i s a l s o s i m i l a r t o t h i s t e r m . 
- I I / -
I n the l a s t terra of eg. ( 6 . 3 2 ) , t n e quark 
s p i n i s c o u p l e d t o a P-v/ave o r b i t a l s t a t e ( i n t h e s m a l l 
components) and hence corresponds t o a s p i n o r b i t 
i n t e r a c t i o n . T h i s f e a t u r e i s absent i r o n t h e s o l u t i o n s 
o f BJK and Gudeus. E x p e r i m e n t s , on t h e o t h e r hand, 
i n d i c a t e the n e c e s s i t y o f some s p i n o r b i t c o u p l i n g , 
even i f i t i s n o t the amount p r e d i c t e d and c o n s e q u e n t l y 
we r e g a r d t h i s p r o p e r t y o f t h e s o l u t i o n as most d e s i r a b l e . 
The presence o f t h i s s p i n o r b i t i n t e r a c t i o n does n o t 
c o n t r a d i c t our p r e v i o u s a s s e r t i o n t h a t t h e r e i s no s p i n 
o r b i t s p l i t t i n g . 
The mass spectrum i s a g a i n l i n e a r and 
independent of any a r b i t r a r i n e s s o f t h e s o l u t i o n s . I t i s 
r V - * m 0 V SZCN+X) (6.34) 
V/ith the parameters g i v e n p r e v i o u s l y t h e mass o f t h e v e c t o r 
meson i s p r e d i c t e d t o be 1.58 GeV, or about t w i c e t h e 
c o r r e c t answer. D e s p i t e t h e f a c t t h a t t h i s r e s u l t , 
w h i c h comes from a s t r o n g s p i n - s p i n i n t e r a c t i o n , i s much 
t o o b i g , i t i s c l e a r t h a t s p i n - s p i n c o u p l i n g i s needed 
t o make the v e c t o r mesons more massive t h a n the pseudo-
s c a l a r n o n e t . I n c a l c u l a t i o n s we w i l l t a k e t h e ?C=1 
t r a j e c t o r y t o be 
r v ^ m £ + S2,(rt-t- .*-y (6.35) 
V/e have chosen t h e numbers so t h a t t h e average 
v a l u e o f the v e c t o r meson mass squared i s a p p r o x i m a t e l y 
c o r r e c t . A l s o , as might be a n t i c i p a t e d i n view o f t h e 
a o n - r e l a t i v i s t i c a p p r o x i m a t i o n o f t h e i n t e r n a l m o t i o n , 
t h e quantun number spectrum d i s p l a y e d i n 7 i g . 40 i s 
i d e n t i c a l t o t h a t g i v e n by t h e n o n - r e l a t i v i s t i c quark model. 
) I X-
6.5 Ap nlications 
f o l l o w i n g F.Lt.R. we c a l c u l a t e e x p e r i m e n t a l 
o b s e r v a b l e s from c u r r e n t m a t r i x e l e m e n t s , n e g l e c t i n g 
quark p r o p a g a t i o n e f f e c t s . Unli.ce F.;C.?.. we 
have a problem w i t h our v e c t o r c u r r e n t s as t h e y are n o t , 
i n g e n e r a l , conserved. For p a r t i c u l a r cases however, 
t h e y are and these cover nost o f t h e i m p o r t a n t 
a p p l i c a t i o n s . The s p e c i f i c cases where the e l e c t r o -
magnetic c u r r e n t i s conserved a r e t h e e q u a l :nass 
t r a n s i t i o n and t h e PC = + 1 t o pseudo-scalar meson 
t r a n s i t i o n . For t h e r e s t we add a momentum te r m t o t h e 
c o u p l i n g t o ensure c o n s e r v a t i o n . 
6.5.1 Lepton _decays o f pse_ud_os;calar and v e c t o r mesons 
From the correspondence i n s e c t i o n 3 between 
t h e BS and c u r r e n t n o r m a l i z a t i o n we have iffa.s - C\"ifS where 
- The p s e u d o s c a l a r meson decay m a t r i x 
element i s t h e n g i v e n by 
<Vac ( tfpM|0~Vw£o*> - a T r ^ r ^ o ^ = 0 ^ = f f ^ (6.-56) 
xj/pfop-o) i s t h e p s e u d o s c a l a r w a v e - f u n c t i o n a t 
t h e o r i g i n . The r e s u l t i s -C„ = a y[Mo ( \ (6.37) 
As a l r e a d y mentioned we cannot use t h e p h y s i c a l 
masses because o f t h e 1/nip term w h i c h w i l l g i v e r i s e t o 
t h e l a r g e symmetry b r e a k i n g i n the Van Royen-V/eisskopf 
paradox. We a v o i d t h i s d i f f i c u l t y by u s i n g unbroken 
masses, n = mQ w a i c h g i v e 
SB = SK = °- 112 a GeV (6.33) 
Comparing w i t h e x p e r i m e n t a l v a l u e s £73] 0.105 Ge7. 
= 0.095 Ge7 we bee t h a t 'a' i s compatable w i t h 
- M i -
u n i t y an I a s m a l l quark mass. T h i s i s c o n s i s t e n t . v/i t h 
t h e e a r l i e r i d e n t i f i c a t i o n o f m„ and m but incom-oatabie 
q o L 
w i t h t h e heavy quark a p p r o x i m a t i o n . However, we are n o t 
u s i n g a heavy quark a p p r o x i m a t i o n i n our c a l c u l a t i o n o f 
m a t r i x elements, r a t h e r we are u s i n g i t t o generate 
r e l a t i v i s t i c e x p r e s s i o n s s i n i l a r i n fo r m t o those o f the 
' n o n - r e l a t i v i s t i c quark model. The q u a r t s themselves 
are r e g a r d e d as b e i n g i n s e p a r a b l e f r o m t h e hadron where 
t h e quark mass can have l i t t l e meaning. 
S i m i l a r l y t h e v e c t o r meson decay t o a p a i r o f 
l e p t o n s i s p r e d i c t e d . N e g l e c t i n g t h e u n i t a r y spin-
f a c t o r we have 
<v/ac ( V r ( c ) | f t " m c s G A > ^ a T r \ ^ v (>*o).= c ^ v G v (6.59) 
which g i v e s t h e r e s u l t 
The e x p e r i m e n t a l r e s u l t i s 
J ^ g ^ * O-lbSGW , -IS%G«V g f = -ItOG^V ( 5 . 4 1 ) 
T a k i n g a=1 we get about h a l f t h e e x p e r i m e n t a l 
r e s u l t w h i c h i s comparable w i t h o t h e r quark models. For 
example BJK p r e d i c t g v t o be about t w i c e t h e 
e x p e r i m e n t a l v a l u e w i t h t h e quark mass d e t e r m i n e d f r o m 
p i o n decay, w h i l e ?.;.R. p r e d i c t g ^ - g^ = g^ e t c . 
6.5.2 M a t r i x elements o f t h e v e c t o r c u r r e n t 
The f o r m f a c t o r f o r K. "ft c o u p l i n g i n iC^ j decay 
i s c a l c u l a t e d from t h e m a t r i x element o f t h e v e c t o r 
c u r r e n t 
-//<<--
To be c o n s i s t e n t we e v a l u a t e (5.42) u s i n g unbroken 
masses, m-^  = rn^ = m 0 and p r e d i c t f _ ( q - - ) = 0. T h i s 
does n o t agree w i t h t h e e x p e r i m e n t a l r e s u l t o f 
f_,.(0) ^ f + ( 0 ) 1.0 ["73]. As t h i s disagreement i s 
a t t r i b u t a b l e t o c u r r e n t c o n s e r v a t i o n and t h e use o f 
unbroken masses i t i s c l e a r t h a t a symmetry b r e a k i n g 
scheme must be added t o our model i f these r e s u l t s are 
t o be w e l l d e s c r i b e d . dad we used p h y s i c a l masses i n 
(6.42) we would have ac h i e v e d good p r e d i c t i o n s but 
v i o l a t e d our p r e s c r i p t i o n f o r c a l c u l a t i o n . 
V/e have more success i n p r e d i c t i n g t h e e l e c t r o -
magnetic decays o f t h e v e c t o r mesons. N e g l e c t i n g t h e 
u n i t a r y s p i n f a c t o r we o b t a i n f o r t h e '.matrix element o f 
t h e quark c u r r e n t 
where t h e k i n e m a t i c s are i n d i c a t e d i n F i g . 41. 
The f i r s t t e rm i n eq. (6.42) c o r r e s p o n d s t o an 
o r b i t a l magnetic moment, w h i l e t h e second i s analogous t o 
an i n t r i n s i c moment. The a n t i q u a r k a m p l i t u d e d i f f e r s 
o n l y i n s i g n , so c ombining w i t h the u n i t a r y s p i n f a c t o r -
we .get the r e s u l t s i n Table 13. 
The c o u p l i n g c o n s t a n t , g , i s d e f i n e d by 
T - •€ ( J * (-5.44) 
and we nave used unbroken masses i n i t s e v a l u a t i o n . The 
q u a n t i t i e s d o t t e d i n t o the L o v i - C i v i t a t e n s o r -are t a k e n 
a t t h e i r p h y s i c a l v a l u e s , o r i m a r i l y f o r convenience, as 
any o t h e r procedure has a minor e f f e c t on t h e r e s u l t s . 
6.5.3 Meson .decays _by__e;nissioR o f a p s e u d o s c a l a r meson 
F o l l o w i n g ?..;.[{. we c a l c u l a t e t h e a m p l i t u d e f o r 
pse u d o s c a l a r meson e ; n i s s i o n by r e p l a c i n g t h e p s e u d o s c a l a r 
meson i n t e r a c t i o n by the d i v e r g e n c e o f t h e a x i a l v e c t o r 
c u r r e n t wnieh i s g i v e n by 
I n t h e decays 1 1~0~, 2 4 l ~ 0 ~ t h e c o r r e s p o n d i n g v e c t o r 
c u r r e n t i s n o t conserved and c o n s e q u e n t l y we s h o u l d a d j u s t 
t h e a x i a l v e c t o r c u r r e n t t o be 
where g-j ,g2 are c o n s t r a i n e d t o ensure e l e c t r o m a g n e t i c 
c u r r e n t c o n s e r v a t i o n and g^ + g\ = 1. For t h e a c t u a l 
p r e d i c t i o n s p r e s e n t e d i n Table 15, we use eq. ( 6 . 4 5 ) . 
The o v e r a l l s t r e n g t h o f the i n t e r a c t i o n i s 
det e r m i n e d by orie a d j u s t a b l e parameter f , and t h e decay 
a m p l i t u d e f r o m an i n i t i a l s t a t e , i , t o a f i n a l s t a t e , f , 
by e m i s s i o n o f a p s e u d o s c a l a r i s 
T = - ijL<$ty^l'<> (6.47) 
where the summation i s over quarks and a n t i - q u a r k s . 
E x p r e s s i o n s f o r t h e m a t r i x elements w i t h t h e u n i t a r y 
f a c t o r removed are g i v e n i n Table 2. 
Decay w i d t h s are c a l c u l a t e d u s i n g t h e f o r m u l a 
where g, i s the 3 momentum o f t h e decay p r o d u c t s ( i n t h e 
r e s t frame o f the i n i t i a l p a r t i c l e i ) and t h e summation 
i s over the i n i t i a l and f i n a l s p i n s . The f a c t o r R i s to 
account f o r t h e d i f f e r e n t charge modes a l l o w e d i n the 
I n c a l c u l a t i n g t h e decay w i d t h s t h e d y n a m i c a l 
q u a n t i t i e s , t h e decay c o n s t a n t s , are i n p u t u s i n g unbroken 
masses, w h i l e f o r t h e k i n e m a t i c phase space, we use 
p h y s i c a l masses. ?or example, t h e decay w i d t h 
r(n-*cn<r)- a\ ^ (6.49) 
i s c a l c u l a t e d by p u t t i n g p h y s i c a l masses i n t o and 
unbroken masses i n t o ( g / m i ) . 
As can be seen from Table 15, t h i s p r e s c r i p t i o n 
y i e l d s good agreement w i t h d a t a . However, t h i s i s n o t 
s u r p r i s i n g as i t i s s i m p l y r e f l e c t i n g t h e SU(3) symmetry 
of t h e c o u p l i n g c o n s t a n t s . I n t h e model t h e 
r e l a t i v e v a l u e s o f decay w i d t h f o r a g i v e n decay t y p e are 
i n l e s s good agreement w i t h d a t a but t h i s i s due to the 
symmetry b r e a k i n g i n t r o d u c e d by u s i n g p h y s i c a l masses • 
t h r o u g h o u t . T h i s problem i s p a r t i c u l a r l y a c ute i n . t h e 
case o f decays i n t o two ps e u d o s c a l a r mesons where 
d i f f e r e n t r e s u l t s are o b t a i n e d depending on which meson i s 
r e p l a c e d by t h e a x i a l c u r r e n t . The use o f unbroken 
masses a v o i d s t h i s asymmetry. 
The v a l u e o f t h e c o u p l i n g c o n s t a n t , f , i s 
expected t o be c l o s e t o t h a t g i v e n by PCAC t h e o r y , t h a t i s 
^fTNfv / m ~ \ = 1 - ^ 5 . Using t h i s v a l u e f o r t h e 
c o u p l i n g c o n s t a n t t h e decay w i d t h s a re fo u n d t o be t o o 
l a r g e and r e d u c t i o n t o a v a l u e o f f = 1.46 G-eV-'' i s 
i n d i c a t e d i n o r d e r t o g i v e a good f i t t o t h e d a t a . We 
d i s p l a y t r i e decay w i d t h d a t a , our best f i t , and t h a t o f 
?.X.R. (Pp) i n Table 15. 
- 1 / ? -
The r e s u l t s f o r t h e v e c t o r and t e n s o r decay 
w i d t h s are a l l w i t h i n 20$ o f t h e e x p e r i m e n t a l v a l u e s , 
w h i c h i s r e a s o n a b l y good c o n s i d e r i n g that.we have n o t 
i n t r o d u c e d symmetry b r e a k i n g , and i t i s an improvement 
on ?v. ?or the 2+-^- 0~1~ decays our r e s u l t s are 
l e s s good t h a n j.iC.R's, however we c o u l d s t i l l m o d i f y 
our r e s u l t s by g e n e r a t i n g the a x i a l v e c t o r c u r r e n t from 
a conserved c u r r e n t as i n eq. (6.4-6). 
I n the o t h e r two t y p e s o f decay c o n s i d e r e d , 
1 1 ~ 0 ~ and 1~0~ we a g a i n have the problem t h a t 
t h e u n d e r l y i n g c u r r e n t i s n o t conserved and c o n s e q u e n t l y 
t h a t these r e s u l t s c o u l d be improved. The r e s u l t s as 
c a l c u l a t e d however are a t l e a s t t h e c o r r e c t o r d e r o f 
magnitude and are no worse t h a n those o f ?.K.R. On t h e 
o t h e r hand t h e h e l i c i t y p r o p e r t i e s , w h i c h depend 
c r i t i c a l l y on the type o f c o u p l i n g are worse i n our model 
as can be seen f r o m Table 1b. 
The u n f a v o u r a b l e comparison w i t h experiment 
f o r t h e K * * ( 1 2 4 0 ) X * u a n d A.-^TY decays i s perhaps 
m i t i g a t e d by p o s s i b l e c o n t a m i n a t i o n o f t h e resonances by 
Deck e f f e c t £73]. 
6.6 C o n c l u s i o n s 
We do n o t t e s t t h e harmonic o s c i l l a t o r 
c h a r a c t e r o f our wave f u n c t i o n s because o n l y t h e l o w e s t 
two s t a t e s are used, i t i s t h e s p i n s t r u c t u r e we t e s t . 
However, our b a s i c a ssumption o f harmonic o s c i l l a t o r 
f o r c e s gave r i s e t o the s p i n s t r u c t u r e so t h a t any success 
o f the model i s a t t r i b u t a b l e t o t h i s a s s u mption. 
- I I S -
The l a r g e components o f t h e w a v e - f u n c t i o n s 
are analogous t o boosted n o n - r e l a t i v i s t i e w a v e - f u n c t i o n s 
and. occur i n a l l r e l a t i v i s t i c models. The main 
d i f f e r e n c e a r i s e s from whether m , o r m, , i s 
. quark nadron 
r e g a r d e d as t h e fu n d a m e n t a l mass. The n o v e l f e a t u r e 
o f our model i s the i n c l u s i o n o f a s p i n o r b i t t e r m i n 
th e s m a l l components w h i c h , n o n e t h e l e s s , d i d n o t cause 
s p l i t t i n g o f t h e t r a j e c t o r i e s . T h i s e x t r a o r b i t a l t erm 
i s needed t o produce some o f our good r e s u l t s , t h e l e a s t 
ambiguous case b e i n g t h e e l e c t r o m a g n e t i c decays where 
the o r b i t a l t e r n c o n t r i b u t e s h a l f o f t h e r e s u l t . We 
r e g a r d t h i s success i n t h e e l e c t r o m a g n e t i c case as our 
most i m p o r t a n t r e s u l t , as i t does n o t depend on a r b i t r a r y 
p a r a meters. 
The s i g n i f i c a n c e o f t h e r e s u l t s f o r t h e decay 
w i d t h s i s h a r d e r t o evalLiate because t h e p r e s c r i p t i o n 
w h i c h r e p l a c e s t h e p s e u d o s c a l a r i n t e r a c t i o n by t h e 
d i v e r g e n c e o f the a x i a l v e c t o r c u r r e n t i s n o t q u i t e as 
w e l l e s t a b l i s h e d as t h e c o r r e s p o n d i n g f o r m a l i s m f o r 
e l e c t r o m a g n e t i c decays. F u r t h e r , we do n o t adhere 
s t r i c t l y t o PGAC t h e o r y as we use a c o u p l i n g c o n s t a n t 
d i f f e r e n t ( b u t n o t by much) from t he t h e o r y . 
Given t h a t t h e r e l a t i v e success f o r any one 
decay t y p e j u s t depends on t h e SU(3) symmetry and the 
p r e s c r i p t i o n t o use unbroken masses, t h e f a c t t h a t the 
c o u p l i n g c o n s t a n t i s an independent parameter means t h a t 
T-ible 15 c o n t a i n s o n l y f o u r independent r e s u l t s . A l s o , 
because t h e d a t a f o r t h e 1 + +->1~0~ decay i s ambiguous, 
t n e r e are r e a l l y o n l y t h r e e numbers t o compare w i t h 
-uq-
e x p e r i m e n t . Of t h e s e , two conpare w e l l w h i l e t h e 
t h i r d , B-^un i s a f a c t o r o f two o u t . T h i s l a c k o f 
success nay be due t o our d e c i s i o n n o t t o m o d i f y the 
a x i a l v e c t o r c u r r e n t so t h a t i t c o rresponds t o a 
conserved e l e c t r o m a g n e t i c c u r r e n t . 
To s u i i m a r i s e , we have proposed an e q u a t i o n 
i n w h i c h t h e i n t e r n a l q u a rk m o t i o n i s c l o s e l y r e l a t e d 
t o t h a t i n a n o n - r e l . - . . t i v i s t i c model but i s t r e a t e d i n 
a c o v a r i a n t way. Out" nodel i s most c l o s e l y r e l a t e d 
t o t h a t o f .K.R. but has the advantage o f i n c o r p o r a t i n g 
s p i n i n a more dynamical way. I n compensation f o r 
t h e i r s imple t r e a t m e n t o f s p i n , ?.k.R. are a b l e t o 
i n c l u d e baryons i n t h e i r scheme. The e x t e n s i o n o f our 
model t o i n c l u d e baryons i s c l e a r l y t h e n e x t s t e p . 
7 . R e l a t i ' / j s nic quark .nodels and 
d i f f r a g Lie-n d i s s o c i a t i o n 
7. 1 I n t r o d u c t i o n 
We now r e t u r n t o t h e problem o f t r e a t i n g 
d i f f r a c t i o n s c a t t e r i n g i n terms o f e l a s t i c s c a t t e r i n g 
o f the h a d r o n i c c o n s t i t u e n t s , assuming t h e c o n s t i t u e n t s 
t o be q u a r k s . As mentioned i n c h a p t e r 4 t h e dynamical 
v e r s i o n o f t h e n o n - r e l a t i v i s t i c quark model p r e d i c t s 
c r o s s - s e c t i o n d i p s i n the f o r w a r d d i r e c t i o n f o r a l l 
except e l a s t i c s c a t t e r i n g and t h i s i s c o n t r a r y t o d a t a . 
N e v e r t h e l e s s the n o n - r e l a t i v i s t i c 3U(6) quark model o f 
C.F.Z. and i t s 3 U ( 6 ) W g e n e r a l i z a t i o n i s a b l e t o u n i f y 
most o f t h e e x p e r i m e n t a l r e s u l t s f o r d i f f r a c t i o n and 
hence one i s encouraged t o b e l i e v e t h a t t h e d i f f i c u l t i e s 
o f t he n o n - r e l a t i v i s t i c q u a r k model are due t o t h e n e g l e c t 
o f r e l a t i v i s t i c e f f e c t s r a t h e r t h a n any i n t r i n s i c d e f e c t . 
I n t h i s c h a p t e r we c o n s i d e r t h e a p p l i c a t i o n o f 
r e l a t i v i s t i c quark models t o d i f f r a c t i o n . I t i s shown 
t h a t t h e t = 0 zero i n t h e s i n g l e s c a t t e r i n g a m p l i t u d e 
f o r the n o n - r e l a t i v i s t i c model i s n o t p r e s e n t i n t h e 
r e l a t i v i s t i c models. However, a p a r t from t h i s problem 
the SU(o) C.J.Z. model does n o t p r e d i c t t he meson 
d i s s o c i a t i o n s c o r r e c t l y as t h e IT-* A, and K-> Q t r a n s i t i o n s . 
are f o r b i d d e n whereas experiment g i v e s l a r g e c r o s s - s e c t i o n 
The reason f o r t h i s p r e d i c t i o n i s t h a t i n the C.:?.Z. 
model t.ie b a s i c quark quark a m p l i t u d e i s assumed t o be s p i i 
i ndependent and hence s i n g l e t t r i p l e t t r a n s i t i o n s a r e 
f o r b i d d e n . 1'ne iT-J>AL t r a n s i t i o n i s a l l o w e d i n a model 
w i t h quark s p i n f l i p but t h e n t h e TV~> i\x t r a n s i t i o n i s 
- 1 2 / -
a l s o a l l o w e d and b o t h c r o s s - s e c t i o n s a re p r e d i c t e d 
t o have f o r w a r d d i p s . F u r t h e r m o r e T . C ..!. 0 . i s n o t 
p r e d i c t e d . To o b t a i n t h e c o r r e c t r e s u l t s . s u b s t a n t i a l 
s p i n - o r b i t i n t e r a c t i o n i s needed. Indeed t h e evidence 
f a v o u r s l a r g e s p i n o r b i t i n t e r a c t i o n s f o r mesons q u i t e 
a p a r t from d i f f r a c t i o n . However, f o r baryons t h e s p i n 
• o r b i t e f f e c t s a r e much l e s s p r o m i n e n t and t h i s e x p l a i n s 
t h e r e l a t i v e success o f t h e SU(6) quark model i n t h i s 
s e c t o r . 
The B.J.X. and F.X.R. models c o n t a i n no s n i n o r b i t 
i n t e r a c t i o n and so l i i t e t h e C.F.Z. model f a i l t o 
reproduce t h e meson d i s s o c i a t i o n d a t a . However, t h e 
l i n e a r i s e d o s c i l l a t o r model c o n s i d e r e d i n c h a p t e r s i x 
i n c l u d e s l a r g e s p i n o r b i t t e r m s . F u r t h e r m o r e , w i t h a 
g e n e r a l c o u p l i n g t h e quark and a n t i q u a r k s c a t t e r i n g i s 
n o t t h e same and t h i s has t h e consequence t h a t t h e 
T-^ % and f t r a n s i t i o n s are a l l o w e d d i f f r a c t i v e l y 
c o n t r a r y t o t h e d a t a . I f we w i s h t i i e model t o i n c l u d e 
the G - p a r i t y s e l e c t i o n r u l e t h e n t h i s u n i q u e l y s p e c i f i e s 
t h e quark quark i n t e r a c t i o n t o be s p i n independent as i n 
the O.v.Z. model. V/ith t . i i s c o u p l i n g t h e jr-? A, 
t r a n s i t i o n i s a l l o w e d w h i l e t h e Ti"-^ A 4 t r a n s i t i o n i s 
f o r b i d d e n . F u r t h e r m o r e t h e TT-> A, v e r t e x i s p r e d i c t e d 
t o conserve T.C.H. w h i l e a l l t h e o t h e r s u c c e s s f u l 
p r e d i c t i o n s o f the G.F..Z. model are r e t a i n e d . However, 
i n common w i t h o t h e r quark models ( c . f . B.J.X.) t h e 
i n e l a s t i c t r a n s i t i o n s f o r i n s t a n c e TT-^  A.^  are p r e d i c t e d 
t o be o f the same o r d e r as the e l a s t i c t r a n s i t i o n s 
F u r t h e r m o r e t h e d i f f r a c t i v e s l o p e s are n o t p r e d i c t e d 
c o r r e c t l y and t a e two problems are pro:jab...y r e l a t e d . A 
f a c t o r i n h i b i t i n g t h e p r o d u c t i o n o f h i g h mass s t a t e s 
as i n t h e F..C.R. model i s needed t o p r e d i c t c r o s s - s e c t i o n s 
i n accord w i t h t h e d a t a . 
We a l s o c o n s i d e r how the r e l a t i v i s t i c approach 
might be extended t o i n c l u d e f e r m i o n d i s s o c i a t i o n and 
a l s o m u l t i p l e s c a t t e r i n g . 
7 . 2 . D i f f r a c t i o n d i s s o c i a t i o n i n t h e F..V.R. nodal [77] 
Because the pomeron t r a j e c t o r y has a s m a l l 
s l o p e and i n t e r c e p t a t s p i n one i t i s r e a s o n a b l e t o 
b e l i e v e t h a t t h e poneron c o u p l i n g i s s i m i l a r t o t h a t 
f o r a s p i n one o b j e c t ( c . f . chapters 3 and 4 ) . T h i s 
suggests r e p l a c i n g t h e d i f f r a c t i v e v e r t e x f o r the t r a n s -
i t i o n A — > A* by 
Q ( t K ^ ) *C 5<A*|\VU> (7.1) 
where I l a b e l s t r i e quarks and a n t i q u a r k s and V^ i s a 
v e c t o r o b j e c t . The s i m p l e s t p i c t u r e i s t o assume t h e 
c o u p l i n g t o be s p i n independent as i n t h e G Z . model 
but t h e n t h e A( t r a n s i t i o n i s f o r b i d d e n . M o t i v a t e d 
by the c o n n e c t i o n between the e l e c t r o m a g n e t i c form f a c t o r s 
and t h e d i f f r a c t i v e c r o s s - s e c t i o n Ravndal makes t h e 
h y p o t h e s i s t h a t t h e pomeron c o u p l i n g i s a s s o c i a t e d w i t h 
t h e SU(3) s i n g l e t component of the conserved v e c t o r 
c u r r e n t . 3o as t o reproduce t h e observed G p a r i t y 
s e l e c t i o n r u l e t h e quark-quark and a n t i q u a r k - a n t i q u a r k 
c o u p l i n g s are assumed t o be e q u a l . As t = 0, J = 1 
does n o t cor r e s p o n d t o a p o l e on t h e pomeron t r a j e c t o r y 
and t h e slope i s s m a l l we .may r e p l a c e t h e pomeron p r o p o g a t c r 
by a pure i m a g i n a r y c o n s t a n t . Hence t h e a m p l i t u d e f o r 
t h e process A3 A* 3* i s 
T f ^ ^ a " ) - Z < A " | V ; |rtXs*l V i | G > ( 7 . 2 ) 
where £ p i s a u n i v e r s a l c o n s t a n t . C l e a r l y t h e model 
a l l o w s a l l t r a n s i t i o n s c o n s e r v i n g SU(3) quantum numbers 
and g e n e r a l i z e d charge conjugation Q . 
U n f o r t u n a t e l y t h e ?.X.R. model p r e d i c t i o n s f o r 
t h e e l e c t r o m a g n e t i c form f a c t o r s are bad [ S i ] , and 
c o n s e q u e n t l y t h e p r e s e n t model w i l l g i v e wrong p r e d i c t i o n s 
f o r t h e e l a s t i c v e r t i c e s . As e l a s t i c v e r t i c e s a r e 
needed t o c o n s t r u c t the a m p l i t u d e f o r t h e d i s s o c i a t i o n 
processes A3 A*3 v/e must a r r a n g e t h e e l a s t i c v e r t e x 
t o conform more c l o s e l y t o the d a t a . Ravndal chooses 
t o arra.ige the khf / e r t e x t o conserve 3.3.1. and have the 
e x p e r i m e n t a l f o r m f a c t o r . S i m i l a r l y t h e TT7V v e r t e x i s 
t a k e n t o be the e x p e r i m e n t a l p i o n f o r m f a c t o r . 
A l l t n e nucleon d i s s o c i a t i o n processes N~> N 
a r e a l l o w e d and a l t h o u g h t h i s v i o l a t e s M o r r i s o n s r u l e i t 
i s n o t n e c e s s a r i l y wrong j~29,33^£lso see c h a p t e r 2 ~\ . 
Ravndal compares t h e D 1 5 ( 1 520) and ? 1 5 ( 1 S 8 8 ) d i f f r a c t i v e 
p r o d u c t i o n w i t h t h e data.. The model i s s u c c e s s f u l i n 
t h e sense t h a t t h e c r o s s - s e c t i o n i s of t h e c o r r e c t o r d e r 
o f magnitude, however t h e shape o f t h e d i f f e r e n t i a l 
c r o s s - s e c t i o n i s n o t c o r r e c t . The problem i s the same 
as the K i s l i n g e r model £43] namely t h a t c u r r e n t 
c o n s e r v a t i o n i m p l i e s t h a t t h e c r o s s - s e c t i o n i s sero a t 
t = 0. 
The p r e d i c t i o n s f o r bosons are n o t good and are' 
r o u g h l y s i m i l a r "Co the 3 U ( 6 ) W model w i t h quark s p i n f l i p . 
B o t h ir-> A, and i f - ^ A, t r a n s i t i o n s are a l l o w e d but do n o t 
conserve f.C.'i.O. and l i k e t h e S U ( 6 ) W model p r e d i c t 
t r a n s v e r s e h e l i c i t i e s i n t h e r e s t frame o f the produced 
p a r t i c l e . f u r t h e r m o r e t h e c r o s s - s e c t i o n s f o r and A 9 
p r o d u c t i o n are p r e d i c t e d t o be e q u a l and about a f a c t o r 
2 - 3 t o o b i g . 
7 . 3 The Bet he Sal-peter _quark model a p p l i e d t o 
meson d i s s o c i a t i o n T<\:_3. 7 8 l 
I n t h i s s e c t i o n t h e C.P.Z. model o f spin-
independent quark quark f o r c e s i s f o r m u l a t e d i n a 
r e l a t i v i s t i c c o n t e x t [73"]. 
The s c a t t e r i n g o f two composite o b j e c t s i s 
c o n s i d e r e d t o be made up o f the s c a t t e r i n g o f t h e 
i n d i v i d u a l c o n s t i t u e n t s and t n i s i s expressed by t h e 
Glauber m u l t i p l e s c a t t e r i n g expansion f o r t h e t r a n s i t i o n 
m a t r i x T. 
''|-S= T- £ ^  Z'^fc* + ^ / ^ J % U - - (7.3) 
- t ^ i s t h e e l a s t i c s c a t t e r i n g a m p l i t u d e f o r s c a t t e r i n g 
o f quark*, on quark ^ , tne quarks o f course b e i n g i n 
d i f f e r e n t hadrons. The / on t h e summation s i g n s i n d i c a t e 
o m i t t i n g terms i n w h i c h t he same p a i r s o f quarks s c a t t e r 
o f f each o t h e r more t h a n once, f o r i n s t a n c e t h e f a c t o r 
"^ Ki w h i c h i s c l e a r l y i n c l u d e d i n the a n p l i t u d e 
(see f i g . 4 2 ) . The s c a t t e r i n g a m p l i t u d e f o r the process 
AB --> i s g i v e n by ^A*:*/1 -3/AB> and how t h i s i s 
c a l c u l a t e d i n a r e l a t i v i s t i c model w i l l be i n d i c a t e d 
p r e s e n t l y . 
V/e f i r s t o f a l l c o n s i d e r the model f o r t h e quark 
quark s c a t t e r i n g a m p l i t u d e -fcij • The most g e n e r a l a m p l i t u d e 
i j l i k - t . u ; f o r '..I', e l u j t i c s c a t t e r i n g and i s g i v e n by 
^ y = l r. r„ s;1 '^.,..o (v.*> 
?or s p i n independence as i n t h e O.F.Z. model we would 
s i m p l y choose: 
-^;j=^f ia) Sy = (p*fjf (7.5) 
t h e f a c t o r ST^  b e i n g i n c l u d e d so t h a t t h e c r o s s - s e c t i o n 
i s energy i n d e p e n d e n t , and t h i s i s the c h o i c e o f 
N. B.yers f 7 8 j . However, i t i s i n t e r e s t i n g t o c o n s i d e r 
the problem a l i t t l e f u r t h e r . D i f f r a c t i o n proceeds 
p r i m a r i l y by n a t u r a l p a r i t y exchange f o r w.iich the reduced 
c o u p l i n g i s 
As t h e exchange has a p p r o x i m a t e l y c o n s t a n t a n g u l a r 
mo/.ientu.i J = 1 ana t.aere i s no p o l e i n t h e r e g i o n near 
J = 1 , the f u l l quark quar •: a m p l i t u d e i s a p p r o x i m a t e l y 
where V tj z f*"« . Hence i t can be seen t h a t t h e 
e f f e c t o f c h o o s i n g t h e s c a l a r i n t e r a c t i o n i s t o set t h e 
c o u p l i n g 22= 0 and t h i s r e s u l t c o r r e s p o n d s t o 
p o s t u l a t i n g T.C.H.G. f o r the i n d i v i d u a l quark quark 
s c a t t e r i n g s . The o t h e r s i m p l e c h o i c e i s g^ = 0 and 
t h i s corresponds t o 3.C.H.J. I t i s c l e a r t h a t on n i a v e 
grounds the model i s expected t o t r i v i a l l y r e p r o d u c e T.G.M.C. 
f o r bosons b u t f a i l t o produce S.C.H.C. f o r MM s c a t t e r i n g . 
Nov/ c o n s i d e r the s c a t t e r i n g process A3->A*3* 
by s c a t t e r i n g o f quark i i n A and j i n S as shown i n 
f i g . 43, c l e a r l y t n e c o n t r i b u t i o n t o t h e s c a t t e r i n g 
".mplitude i s g i v e n by 
- ab-
For s c a l a r i n t e r a c t i o n :n = 1 f , - ( > O m O 
and £Vv,.t) - S ^ W ^ ^ f t t ) 
I t i s assumed t h a t t h e same f u n c t i o n $(4) d e s c r i b e s quark 
quark; quark a n t i q u a r k and a n t i q u a r k - a n t i q u a r k s c a t t e r i n g 
so t h a t t h e G p a r i t y s e l e c t i o n r u l e i s r e p r o d u c e d . 
.The r e s u l t s have been c a l c u l a t e d by Byers llB^j f o r t h e 
Bethe S a l p e t e r v/ave-functions o f t h e B.J.K. [62j f o r 
mesons. 
V/e f i r s t o f a l l c o n s i d e r t h e t r a n s i t i o n s 
T T ^ T / O ' ^ ) , K0+~)A(2 ^  " ~ ~ ' ( i . e . s i n g l e t mesons). 
The T\ -> 3 a m p l i t u d e v a n i s h e s i n acco r d w i t h t h e 
G p a r i t y s e l e c t i o n r u l e , but t h e t r a n s i t i o n s c o n s e r v i n g 
G p a r i t y TT-^TTj e t c . a r e a l l a l l o w e d and conserve 
T.0.H. as a n t i c i p a t e d . U n f o r t u n a t e l y a l l t h e a l l o w e d 
s i n g l e t s i n g l e t t r a n s i t i o n s have about comparable 
magnitude and i n c r e a s e w i t h i n c r e a s i n g J. T h i s i s 
o p p o s i t e t o t h e d a t a where t h e IT—> TT a m p l i t u d e i s much 
b i g g e r t h a n t h e TT a m p l i t u d e . 
7or t h e s i n g l e t t r i p l e t t r a n s i t i o n s t h e model 
f a i l s c o m p l e t e l y as might be a n t i c i p a t e d fro?, t h e non-
r e l a t i v i s t i c r e s u l t . The c r o s s - s e c t i o n f o r TT~^ A, 
K -^Q e t c . i s no l o n g e r s t r i c t l y zero but i s n e v e r -
t h e l e s s n e g l i g i b l e ( (y-A^4J^ C J W w i t h j ^ ^ i 
and 4 Gey. C l e a r l y i t i s in a d e q u a t e s i m p l y 
t o i n t r o d u c e s p i n dependent i n t e r a c t i o n s as t h i s w o u l I 
c o r r e s p o n d t o t h e S U ( o ) w model w i t h quark s p i n f l i p 
and o f course t h i s i s wrong. The reason f o r the 
inadequacy o f t h e B. .J.K. model i s t h e 3bsense o f s p i n 
o r b i t terms i n the w a v e - x u n c t i o n s . 
- [2 ? -
C l e a r l y because o f t h e l a d : o f success o f t h e 
s i n g l e s c a t t e r i n g a p p r o x i m a t i o n i t i s n o t v/orth 
c o n s i d e r i n g m u l t i p l e s c a t t e r i n g c o r r e c t i o n s o r a p p l y i n g 
the model w i t h a n z a i s e d w a v e - f u n c t i o n s t o baryons. 
However, b o t h these r e f i n e m e n t s and e a s i l y i n c o r p o r a t e d 
and are shown d i a g r a m a t i c a l l y i n f i g s . 44 and 45. 
7.4 A p p l i c a t i o n o f t h e l i n e a r i z e d o s c i l l a t o r 
guar 1: m o i e l t o d i f f r a c t i o n s c a t t e r i n g 
I n a p p l y i n g t h e l i n e a r i z e d o s c i l l a t o r model t o 
d i f f r a c t i o n we f o l l o w t h e approach o f Ravndal 1/771 and 
r e p l a c e t h e pomeron by a v e c t o r o b j e c t J^ - but d ~> not 
demand c u r r e n t c o n s e r v a t i o n . 
W i t h t h i s c o u p l i n g t h e quark and a n t i q u a r k a n p l i t u d e s 
are n o t i n g e n e r a l t h e same and t h i s has t h e consequence 
t h a t t h e G- p a r i t y can change a t a d i f f r a c t i v e v e r t e x . 
V/e choose g ? = 0 t o r e t a i n t h e G p a r i t y s e l e c t i o n r u l e . 
The c a l c u l a t i o n s o f d i f f r a c t i v e v e r t i c e s a re 
performed i n e x a c t l y t h e same way as f o r e l e c t r o m a g n e t i c 
t r a n s i t i o n s and t h e r e s u l t s are p r e s e n t e d i n t a b l e 17. 
The r e s u l t s f o r t h e s i n g l e t — ^ s i n g l e t t r a n s i t i o n s are 
r a t h e r s i m i l a r t o th o s e o f t h e B.J. T. t y p e model £ 7 3*3 • 
The model p r e d i c t s T.G.d.O. (any quark model does!) but 
the p r e d i c t e d c r o s s - s e c t i o n s f o r t h e h i g h mass p r o d u c t i o n 
processes i s to o b i g , s p e c i f i c a l l y 
^ ( - I T T ^ T T T O J ^ - ^ ^ ^ ^ ) | ^ 0 - r h y s i c a l l y t h i s 
bad r e s u l t ..rises because t h e d i f f r a c t i v e s i z e i n c r e a s e s 
w i t h mass. To see t h i s v/e c o n s i d e r the e l a s t i c v e r t e x 
a t zero ..loneritui t r a n s f e r <C^T \ T u \ ^ T ) > °C Qoi ™J ' 
I n p r i n c i p a l the d i f f r a c t i v e c o u p l i n g can depend on t h e 
hadron .nass, however i n a model waere t h e quarks are 
c o n s i d e r e d t o be r e a l t h i s i s u n i n t e l l i g i b l e because t h e 
pomeron i n t e r a c t s w i t h t h e i n d i v i d u a l q u a r t s and hence 
any mass dependence must come from t h e w a v e - f u n c t i o n s . 
I f v/e assu-ie t vat t h e d i . f f r a c t i v e s i z e i s about t h e same 
f o r a l l hadrons t h e n t h i s suggests t h a t v/e d i v i d e our 
p r e v i o u s r e s u l t s by a f a c t o r J Al, - The b a s i c 
c o u p l i n g now becomes ^>^/^[lm[_ w -ich i s 
d i m e n s i o n l e s s . We now p r e d i c t t ";at 
0 
w - i c : i i s :iore r e a s o n a b l e a l t h o u g h the A^ i n d u c t i o n c r o s s -
o -
s e c t i o n i s s t i l l t o o b i g . To f i t t h e d i f f e r e n t i a l 
c r o s s - s e c t i o n i s s t i l l t o o b i g . To f i t t h e d i f f e r e n t i a l 
c r o s s - s e c t i o n v/e must assume t h a t t h e c o u p l i n g -£p i s a 
f u n c t i o n o f t as t h e t dependence a r i s i n g f r o m t he 
e l e n e n t a r y quaric s c a t t e r i n g i s t o o v/e a : ( c . f . t h e B . J . I , 
mo l e i ['7/3*3 ) . 
The r e s u l t s f o r t.ie s i n g l e t - t r i p l e t t r a n s i t i o n s 
are an improvement on t h e B.J.d. t y p e model. The T - ^ A^ 
t r a n s i t i o n i s a l l o w e d , e s s e n t i a l l y because o f the presence 
o f s p i n o r o i t i n t e r a c t i o n , however t h e TT-^ A 9 t r a n s i t i o n 
i s f o r b i d d e n and t h i s i s c o n s i s t e n t w i t h M o r r i s o n ' s r u l e . 
Most o t h e r models e i t h e r p r e d i c t b o t h t h e T T — > A^  
and A 0 t r a n s i t i o n s t o be f o r b i d d e n or a l l o w e d ( e . g . C . ?. 3 . 
b o t h f o r b i d d e n , J. A. b o t h a l l o w e d ) . The evidence as 
t o whether t h e A,-, i s produced d i f f r a c t i v e l y i s i n d i s p u t e , 
but i t has been argued t h a t t h e energy dependence i s 
n 
i n a p p r o p r i a t e t o l i f f r a c t i o n . Furthermore v/e p r e d i c t 
T.O.h.O. f o r t h e T^ -^ A^  t r a n s i t i o n and a l s o 
w h i c h i s r o u g : l y c o n s i s t e n t w i t h t h e p r e d i c t e d "R "ft -^ TT A^ 
c r o s s - s e c t i o n . 
We a l s o c o n s i d e r t he j ? - ^ process w h i c h by 
-vector dominance i s r e l a t e d t o v e c t o r meson p h o t o -
p r o d u c t i o n ^ . Alti-iough t h e p r e d i c t i o n does 
l o t c o r r e s p o n d t o pure S.G.H.C. as i n experiment [_*3],a 
s u b s t a n t i a l amount o f s-channel n o n - f l i p a m p l i t u d e i s 
p r e s e n t . (See t a b l e s 4 and 5) and so t h e p r e d i c t e d 
d e n s i t y m a t r i c e s may n o t be t o o f a r a s t r a y . 
Because o f t h e r e l a t i v e l a c k o f success i n 
t h e meson s e c t o r i t i s n o t r e a s o n a b l e t o g i v e a d e t a i l e d 
d i s c u s s i o n o f baryon d i s s o c i a t i o n u s i n g a n z a t s e d 
w a v e - f u n c t i o n s . F u r t h e r m o r e as s p i n o r b i t f o r c e s are 
l e s s e v i d e n t f o r baryons t h a n mesons t h e p r e d i c t i o n s 
f o r t h e h e l i c i t y v e r t i c e s f o r N —=?• N* f o l l o w on g e n e r a l 
grounds f o r any quark model.. (See c h a p t e r 4 ) . 
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3. O o n c l u s i ons 
One o f our main concerns i n t h i s t h e s i s has 
been an i n v e s t i g a t i o n o f d i f f r a c t i o n s c a t t e r i n g p a y i n g 
p a r t i c u l a r a t t e n t i o n t o t h e h e l i c i t y p r o p e r t i e s o f 
d i f . T r a c t i v e a m p l i t u d e s . I n c h a p t e r one v/e c o n s i d e r e d 
th e consequences o f the analogy between d i f f r a c t i o n 
s c a t t e r i n g and o p t i c a l d i f f r a c t i o n and gave a v e r y s i n p l e 
argument f o r 3.G.H.G. f o r d i f f r a c t i v e v e r t i c e s when t h e 
quantum numbers o f t h e produced s t a t e are the same as 
t h e p a r e n t s t a t e ( i ! - > N , p , H Pu • ) However, 
the s p i n and p a r i t y o f a d i f f r a c t i / e v e r t e x may change 
and t a e n t h e r e i s c o n s i d e r a b l e c o n t r o v e r s y as t o t h e 
p r o d u c t i o n nec:ianis.:i. I n c h a p t e r two v/e s u p p o r t e d the. 
view t h a t nuch of t h e boson p r o d u c t i o n ( TT —> A t , K - ^ Q - ) 
corresponds t o mass-enhancement e f f e c t s , p r o b a b l y 
produced by a •( n o t i f i e d ) Oech mechanism . Both 2.C.H.3. 
and M o r r i s o n s r u l e were p r e d i c t e d i n a c c o r d w i t h t h e d a t a 
However f o r f e r m i o n data t h e most p r o m i n a n t c r o s s - s e c t i o n 
pea'.cs (r.r*('/z ,1470) , , 1 5 2 0) , N * 1 533 ) ) seem t o 
co r r e s p o n d t o genuine resonances. 
I n c n a p t e r t h r e e we c o n s i d e r e d t h e f e r .lion d a t a 
from a pneno n e n o l o g i c a l p o i n t o f view and assumed 
d i f f r a c t i o n t o proceed by pomeron exchange. V/e adopted 
a c o v a r i a n t Regge f o r n a l i s m and c a l c u l a t e t he a s y m p t o t i c 
s-channel l e l i c i t y v e r t i c e s i n t e r n s o f co v a r i a n t 
c o u p l i n g s Cor b o t h boson and f e r n i o n t r a n s i t i o n s . These 
r e s u l t s can be a p p l i e d f o r any degge exchange processes. 
- I S ' -
We propose t h a t t he pomeron c o u p l i n g t o the 
N —? :T* v e r t e x i s c h a r a c t e r i z e d by ^ c o u p l i n g and show 
t h a t t h i s h y p o t h e s i s i s c o n s i s t e n t w i t h t h e a v a i l a b l e 
d a t a . W i t h o u t d e t a i l e d f i t t i n g i t i s seen t h a t t h e 
e l a s t i c and N N - ( ' / ^ 1 4 7 0 ) t r a n s i t i o n s a r e i n a c c o r d 
w i t h t h e h y p o t h e s i s . We f i t t he d a t a f o r fT N 
TT N * {\> l < r z°) S£•)(oSS) t e s t i n g t h e ^ h y p o t h e s i s and 
o t h e r proposed h e l i c i t y r u l e s as w e l l as c o n s i d e r i n g 
v a r i o u s nonsense nechanis ns. I t i s demonstrated t h a t 
b o t h .G . : L 0 . and c o u p l i n g g i v e s a t i s f a c t o r y f i t s t o 
t h e d a t a , but r . D . d h j . cannot be a u n i v e r s a l r u l e as i t 
f a i l s f o r the e l a s t i c v e r t e x . (when ^3 c o u p l i n g reduces 
t o 
I n t h e n e x t c h a p t e r we c o n s i d e r e d some 
c o n s t i t u e n t models f o r d i f f r a c t i o n d i s s o c i a t i o n . We 
showed t h a t an SU(6) model w i t h quark s p i n f l i p was 
c o n s i s t e n t w i t h t h e f e r m i o n l a t a . However, t h e model 
f a i l e d t o reproduce t h e IT-^ ft, , K-^Q d a t a where s p i n o r b i t 
terms were needed. Furthermore t h e s i n g l e s c a t t e r i n g 
a m p l i t u d e i n t h e n o n - r e l a t i v i s t i c quark model i s p r e d i c t e d 
t o be zero i n t h e f o r w a r d d i r e c t i o n f o r i n e l a s t i c 
t r a n s i t i o n s . I n view of the success o f the 3 U ( o ) ^ 
model i t was suggested t n a t t h i s e m barrassing r e s u l t 
would n o t appear i n a r e l a t i v i s t i c model. 
I n c h a p t e r f i v e we c o n s i d e r e d some r e l a t i v i s t i c 
q uark models and c h a p t e r s i x we proposed a new model. 
The model i s c l o s e i y r e l a t e d t o t h e n o n - r e l a t i v i s t i c 
har .ionic o s c i l l a t o r model and as i n t h e ?.K.R. approach 
.: : • • • :'nr h-lhh"! a t i :.nal s i i p l i . c i t y — t h e n t h a n 
t h e o r e t i c a l adequacy. I t i s an i nprove nent over t h e 
- ( 3 2 -
F. k.R. -nod e l i n t h a t s p i n i s t r e a t e d dynamic . i l l y , 
however t h i s r e f i n e m e n t makes t h e t r e a t m e n t o f baryoni' 
more d i f f i c u l t , t n e p r e s e n t model b e i n g c o n f i n e d t o 
mesons. J3ut i t i s hoped t h a t t n e t r e a t m e n t o f baryons 
as a t h r e e quark problem ( r a t h e r t h a n d i - q u a r k - q u a r k ) 
w i l l be p o s s i b l e . Our p h i l o s o p h y f o r j u s t i f y i n g and 
'i m p r o v i n g the model i s based on t h e Dual models where 
t.ie " quarks" a r e r e g a r d e d as r e p r e s e n t i n g t h e i n t e r n a l 
degrees o f freedom o f t n e hadron but n e v e r t h e l e s s b e i n g 
i n s e p a r a b l e from i t . Consequently the quark mass has no 
neaning i n our approach. Working i n analogy w i t h t h e 
d u a l model i t i s a n t i c i p a t e d t h a t m u l t i - q u a r k e f f e c t s 
(c^t^<^^_ s t a t e s , quark sea, e t c . ) may be i n c l u d e d i n the' 
model. A l r e a d y i n t h e p r e s e n t v e r s i o n o f t h e model s p i n 
o r b i t terms a r e n a t u r a l l y i n c l u d e d and t h i s i s the most 
n o v e l f e a t u r e o f our model. f u r t h e r m o r e t h i s i s s u g g e s t i v e 
o f " c u r r e n t " q u a r k s , but we have n o t y e t checked t h a t our 
model s a t i s f i e s c u r r e n t a l g e b r a . 
We t e s t t h e model by c o n s i d e r i n g t h e p r e d i c t i o n s 
f o r decays by e m i s s i o n o f p s e u d o s c a l a r mesons and photons 
and f i n d r e a s o n a b l e agreement w i t h e x p e r i m e n t . V/e a l s o 
c o n s i d e r pG-iJ, p — ^ 0T& and decay. 
I n c h a p t e r seven we a p p l y t he model t o 
d i f f r a c t i o n d i s s o c i a t i o n . Because o f t h e presence o f 
s p i n o r b i t terms i n our w a v e - f u n c t i o n s t h e 7T->fl| t r a n s i t i o n 
i s a l l o w e d , out the TT-^ t r a n s i t i o n f o r b i d d e n . T h i s i s 
i n t e r e s t i n g n o t o n l y because t h e r e i s some e x p e r i m e n t a l 
s u p p o r t f o r t h i s r e s u l t but a l s o because a l l p r e v i o u s 
models e i t h e r a l l o w b o t h or f o r b i d b o t h . f u r t h e r m o r e 
T.O.H.C. i s p r e d i c t e d a g a i n i n agreement w i t h e x p e r i m e n t . 
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U n f o r t u n a t e l y t h e p r e d i c t e d c r o s s - s e c t i o n s i z e s are 
w i l d l y i n c o r r e c t as we p r e d i c t Cf(Ti"TT-*TC IT) -~ 6"(lTT\^-Tr Aa^  
Phis r e s u l t , however, i s a disease our -nodel has i n 
co n ion w i t h o t a e r r e l a t i v i s t i c quarlc models ( S. X. R. 
and D . J . K . ) . 

R e f e r e n c es 
1 . J. 3 . Jackson C l a s s i c a l E l e c t r o d y n a n i c s . Ch. 9 . 
2. .vs. L. Good and V/. D. Y/al'.cer. PR 120 (1960) 1357 
3. J. 3a LIav e t a l . PRL 24 (1970) 960 
4. 7.1). L a r g e r and J . L . O l i n e . Pheno rneno l o g i c a l 
T h e o r i e s ox h i g h dlnergy s c a t t e r i n g . 
5. L. Van Move. Proceedings o f E r i c e Summer 
School 1972. 
6. D. Amati, S. E u b i n i and A. S t a g h e l l i n i . 
PL V (1962) 29 
7. S. Handelsta-n NO 30 (1963) 1 128 and 1148 
8. H. Cheng and T. T. Wu. PRL 24 (1970) 1456 
9. r,. Lee PR p_1_ (1 970) 2361 
1 0 . H. 3 . N i e l s o n and P. Olesen. PL 32J3 (1970) 203 
1 1 . P. Olesen MP B2_9 (1971) 77 
12. P. Ramond PR D3_ (1971 ) 2415 
13- M. A. V i r a s o r o PR YD (1970) 2933 
14. R. C. Brower PR Do (1972) 1655 and 
P. Goddard and C. Thorn PL 4_0_B 235 1972 
15. M. G e l l Mann PL 3 (1964) 214 and 
G. Zweig 0;;;RL P r e p r i n t TH 4 0 1 , 412 ( 1 9 6 4 ) ( u n p u b l i s h e d ) 
16. H. J. L i p k i n and S. Meslilcov PRL U. ( 1 9 6 5 ) 670 
17. 3. D. D r o l l and X. Johnson SLAG p r e p r i n t 1091 (1972) 
18. A. N. M i t r a and R. Malumdar. PR 1_5_0_ (1965) 1 194 
19. M. G e l l Kann and Y.- Me' em an. The E i g b t f oldv/ay and 
3. A d l e r and R. Dashen. C u r r e n t A l g e b r a s 
20. M. J. Melosh C a l t e c h T h e s i s (1973) ( u n p u b l i o / i e d ) and 
M. G e l l Mann, p r o c e e d i n g s o f E r i c e Su.nmer School 1972. 
J. Benee Re, I . . T. Zhou, G. U. Yang and J. Yen 
P.A. 138 (1969) 2159 
P. i . Rrampton and P. 7. Ruuskanen PL 33B (1972) 73 
and J . 'J. 7an der 7elde p r o c e e d i n g s o f the V I I 
Recontre de Horiand M e r i b e l - d e r - A l l u r e s , .France 
( r e s u l t s quoted from r e f e r e n c e 30 ) 
D. R. 0. M o r r i s o n , Review o f q u a s i - t w o body 
r e a c t i o n s , PTJC. 1 5 t h I n t . Conf. on h i g h energy 
p h y s i c s , K i e v 1970. 
R. T. Dec.:, PRL 13. (1964) 169. 
D. R. 0. M o r r i s o n , PR 1_65 (1968) 1599 
G-. AscolL et a l , PRL 26 (1971 ) 929 
J. V. Beaupre e t a l , PL 343 (1971) 160 
J. '/. La.nsa et a l , '"••[? 837 (1972) 364 
Y. T. Oh e t a l , PL 423 (1972) 497 
G. L. Kane Proceedings o f t h e X I I Cracow 
s c h o o l o f t h e o r e t i c a l p h y s i c s (1972) 
G. ?. Chew, Com. on Nuc and P a r t i c l e P h y s i c s I I 
(1968) 74 
R. G. Roberts PL 3j53 (1970) 5 2 5 , 
J. B a r t s c h e e t a l MP B2£ (1970) and 
S. PoRovski and H. Sats MP BJ_9 (1970) 1 13 
E. V/. Anderson e t a l PRL 25 (1970) 699 
L. Van Hove PL 24_B (1957) 183 
a. D. Scadron PR 1_65 (1968) 1 640 
P. I ) . G a ult and 11. F. Jones MP 330 (1971 ) 58 
?. 0. G a u l t and P. J. V/alters RCL 4 (1972) 461 
P. D. Gault and P. J . V/alters MP 349 (1972) 273 
S d e l s t e i n et a l PR 05 (1972) 1073 
F. 0. G-auit J. Phys. A: Gen. Phys 4 (1971 ) 38 
-12?-
4 1 . . ' I . F. Jones and .-1. Seadron PR V7_1_ ( 1 9 6 3 ) 1309 
42. T . T. Chou and G. N. Yang PR 17.5 (1963) 1832 
4 3 . A . f. D a l i t z Proceedings o f th e X I I Cracow 
s c h o o l o f t h e o r e t i c a l p h y s i c s ( 1 9 7 2 ) 
4 4 . J. 3. B e l l CERN p r e p r i n t TH 1717 CERN (1973) 
45. R. Car l i t 2, 3. F r a u t s c h i and G. Zweig PRL 23 ( 1 9 5 9 ) 
11 34 • 
4 6 . P. 0 . E r e u i i d , {. ~F. Jones and R. J. R i v e r s 
PL 35_B ( 1 9 7 1 ) 39 
4 7 . R. C a r l i t z , 1. B. Green and A. Zee. I n s t i t u t e 
f o r advanced study p r e - p r i n t ( u n p u b l i s h e d ) 1971 
4 3 . "A. X i s l i n g e r GAL 220. p r e - p r i n t CALI-53-341 (1 971 ) 
4 9 . f . T. V.'u and 0 . M. Yang PR 1*37. ( 1 9 6 5 ) 3708 
5 0 . D. 3 . P a r r y N.C.L. 4 (1972) 2 67 
51. M. Byers and S. F r a u t s c h i "Quanta 5 1 3d. P.C-.O.Freund 
G.J. Goebel and Y. Nambu, Chicago (1970) 
5 2 . A. Le Yaauanc, L. O l i v e r , 0. Pene and 
J. G. Raynal NP B2_9 (1971 ) 204 
5 3 - J. 3 . B e l l CERi'T p r e - p r i n t TH 1717 GER'M ( 1 9 7 3 ) 
5 4 . A. Le Yaouanc, L. O l i v e r , 0. Pene and J.G. Raynal 
NP 337 ( 1 9 7 2 ) 541 
5 5 . P. G. 0. Freund PRL 20 (1968) 235 and 
H. H a r a r i PRL 20 (1963) 1385 
55. J . Rasner PRL 22 ( 1 9 6 9 ) 639 and 
H. H a r a r i PRL 22 (1 3 5 9 ) 562 
5 7 . A. Gell-Mann. Proceedings o f t h e 1972 E r i c e 
summer sc h o o l and r e f e r e n c e s t h e r e i n 
58. A. Pagnamenta ;J.O. 53A (1963) 30 and 
P. Narayanaswany and A. Pagnamonta N.G. 53A ( 1 9 6 8 ) 635 
-128-
59. a. H. D a l i t s . Proceedings o f t h e 13tn I n t e r -
n a t i o n a l Conference on h i g h energy "physics (1 966) . 
R e p r i n t e d i n J.J.J. KoY.cedee- ''The Quark Model" 
60. 3. Mandelsta:n Co-rnents on N .ic. and P a r t i c l e 
P h y s i c s I I I 55 and 147 
61. R. ?. 7eynnan, M. K i s l i n g e r and 3. Ravndal 
PR r_3 (1971 ) 2705 
62. M. Boh.i, H. Joos and A. Xra.:i:ner NP B51_ (1973) 397 
53. 2 . 3. S a l p e t e r and H. A. Bethe PR 32 (1951:) 1232 
64. 0. H. L l e w e l l y n - J r n i t h , AP 53 (1969) 521 
65. T. Gudeus PR 134 (1959) 1733 
66. 0. ;/. Greenberg PAL 1_3 (1964) 593; 
R. A. .Dal i t z L e c t u r e s a t the 2nd Hawaii T r o p i c a l 
Conference on p a r t i c l e p h y s i c s ( 1 9 6 7 ) : 
D. Caiman and A. W. Plendry PR 1_73 (1963) 1720 
and PR 180 (1969) 1572; L. A. Copley, G. K a r l 
and 3. Obryke, PL 2 9.B_ (1959) 1 17 
67. G. C. V/ic:c PR 96 (1 954) 1 124 
63. M. Bohrn, H. Joos and A. Xranner CARL p r e p r i n t 
TH 1715 C.AL: (1973) 
69. P. Goddard, J. Gold s t o n e , C. Re o b i , C. 3. Thorn 
NP 35 6 (1973) 109 
70. L. Jus c h i n a PAL 24 (1953) 944 
7 1 . R. 7an Royen and 7. A e i s s k o p f MC 50 (1957) 517 and 
R. Van Royen and 7. Aeiss/iopf NC 5j_ (1967) 583 
72. A. Le Yaouanc, L. O l i v e r , P. Pene. J. C. Raynal, 
Orsay p r e p r i n t (1972) LPTA3 72/5 
73. P a r t i c l e Data Group A.A.P. 45 (1973) 
-139-
74. G. 3b e l e t a l . ;;P B33 (1971 ) 317 
75. 3. C o l - l a z i e r and J. L. Rosner, H.P. B27 
(1972': 349 
76. P. • . ' / a l t e r s , A.M. I'ho noon and P. D. G a u l t . 
Durban p r e p r i n t (1973) 
77. 1. Ravndal P.L. 37B 300 (1971) 
78. IT. Pr/ers. Proceedings o l t he X I I Cracow s c h o o l 
o f t h e o r e t i c a l p h y s i c s ( 1 9 7 2 ) . 
-/4-0 -
Appendix 1 Basic Convention: 
a) Units_ 
N a t u r a l u n i t s are used t h r o u g h o u t w i t h 
~K = C = 1 and 1 GeV = 1 n a t . u n i t 
ft C -u 
Hence one n a t u r a l u n i t o f l e n g t h = ^ — ^ = 1.973 x 10 rc 
and 1 mb = 1 0 ~ 2 7 cm 2 = .3893 n a t . u n i t s . 
'°) 4 - v e c t o r s 
O o n t r a v a r i a n t 4 v e c t o r AH = ( ^ ) " ^ ^ ' ^ 
M e t r i c = (|..-|,-|,_|) ^ -{k f\Y g r f\V 
where a l l r e p e a t e d i n d i c e s are summed, Greek i n d i c e s f r o m 
0 t o 3 and L a t i n i n d i c e s over t h e values 1, 2 and 3-
4 p o s i t i o n 'X.*1 - ( x 0 , where X'° i s t h e t i m e arid 
X t h e s p a c i a l p o s i t i o n . 
4-momentum o o e r a t o r p ^ = i r ) ^ - ^ - ) 
c ) L i r a c m a t r i c e s ^ 
A n t i commutation r e l a t i o n s - j ^ ^ - £ £^ 
*o"=p and £ = 
I n t h e D i r a c P a u l i r e p r e s e n t a t i o n 
o -\ / \-£ o 
P a u l i ma t r i c e s CT 
I O 
Reynman s l a s h 
- / 4-1 -
Free p a r t i c l e J i r a c s p i n o r i s d e f i n e d by t h e 
e q u a t i o n ( ^  _ m ^ Ufy) = O 
The a n t i s o i n o r s a t i s f i e s t h e e q u a t i o n 
I n b o t h cases p o ^ > O 
A d j o i n t s p i n o r ^,\(lp) ~ <-^>.(?/ N^c 
and i f U t r a n s f o r n s under a l o r e n t a t r a n s f o r m a t i o n f\ 
t o u'= SftW t i i e n U - ^ aST'C^ 
N o r m a l i z a t i o n c o n d i t i o n s 
uA(p^ U/p) - 2.m and v x ( ^ = -Zm 
t h e i n d e x A d e f i n e s t h e s p i n d i r e c t i o n . 
K i n e m a t i c i n v a r i a n t s f o r basic s c a t t e r i n g process AB —^ CD. 
R e f e r r i n g to f i g . 46, we d e f i n e t h e i n v a r i a n t S 
S= (fy-V = ( p c -v and t h i s i s j u s t t h e square o f 
the c e n t r e o f mass energy i n t h e d i r e c t c h a n n e l AB — } 'JD 
wh i c h i s a l s o c a l l e d t h e s-channel. ~t - ( p c - p ^ 
= ( p ^ - f f t ^ and t h i s i s t h e e f f e c t i v e 
mass squared o f an exchange as shown i n f i g 47. I n the 
channel AC — > BD A| t" 1 becomes the c e n t r e o f mass 
energy and nence t n i s channel i s c a l l e d t h e t c h a n n e l . 
R e f e r r i n g to f i g . 43 f o r s c a t t e r i n g i n t h e d i r e c t channel 
c e n t r e o f nass we have 
Also u - ( prt - pj»)2- ( p s ~ PcY" • I n t h e c h a n n e l ID ~> 03 
1^ u' i s t h e c e n t r e o f mass energy and hence t h i s c h a n n e l 
i s i"efc-rred t o as t ie u c 11anne 1. 
-I 4-2-
J r o r: > J C ^ T , \ on _ f O r MI l a 
A l l s c a t ' s are n o r m a l i z e d such t h a t t h e 
p r o l . h i l i t y l e n s i t y = 2 p G :.nd hence the p r o b a b i l i t y 
c u r r e n t i s a 4 - v e c t o r . 
Suppose "^Tl i s the: a m p l i t u d e f o r so.ie process A?.-* C,PR-- • C n 
Then t h e r r o b x b i l i U y /SdC 
Y?L i s a r e l a t i v i s t i c i n v a r i a n t . 
The d i f f e r e n t i a l c r o s s - s e c t i o n f o r Ad —> CJ i n the c e n t r e 
o f mass i s = _J__ £ 
w.iere i s the o u t g o i n g momentum and p i s t h e inc: 
momentun. The i n v a r i a n t c r o s s - s e c t i o n 
w i t h H~P~* — V J - ^ ^ v f t ^ - e i 1 •^••fl- --«;/ s_^ ,^ 
. deni 
i t h = ( s 1 w ^ ; ) + ^ i - ^ s T ) 
A s y m p t o t i c a l l y djT _J ^ P'Hp 
-1^2-
A. > pendix 2 
Go v a r i a n t couplings f o r N:-I' v e r t i c e s and 
so.iie theorems f o r fer.nion v e r t i c e s . 
a) The M counlinfrs 
Consider the Mil v e rtex shown i n f i g . 49 i n 
the r e s t f r ^ n e of the exchange p a r t i c l e ( i . e . the 
' t- c h a n n e l ) . The spi n . 3 of the ' system i s e i t h e r 
0 or 1 and as the t o t a l angular .no n en turn must be J then 
the o r b i t a l -.angular momentum L i s as given below 
f or S = 0, h = J and when 3 = 1 , L = J - 1 , J or J + 1 
I f p a r i t y i s conserved t.ien f o r n a t u r a l p a r i t y v e r t i c e s 
L = J and f o r the unnat u r a l p a r i t y v e r t e x L = J + 1, and 
hence i n general there are two independent couplings. 
As only one l a b e l jS, i s needed t o account f o r the 
M' syste.ii having spin 1 the n a t u r a l p a r i t y c o u p l i n g i s 
(3\ fy, 9^fr) ^ ••• ^ r * T h e momentum couplings 
j u s t correspond to o r b i t a l angular momentum. The 
unnatural p a r i t y coupling i s simply obtained by m u l t i -
p l y i n g the n a t u r a l p a r i t y coupling by ^ ^ . 
b) Theorem; ?or fermion v e r t i c e s 3, ^ -*-><^-) ~ ^ V ("f"/1-,<VI 
where n t - f l ) and g, f are the n a t u r a l and 
unnatu r a l p a r i t y c o upling f u n c t i o n s r e s p e c t i v e l y . 
Proof: 
Suppose Co C^) i s the coupling corresponding t o 
the n a t u r a l p a r i t y v e r tex V*"(<j), then (jfT~£) Xj-i s the 
coupling corresponding to the unnatural p a r i t y v e r t e x 
V Ci"*) • The f a c t o r can be obsorbed i n t o the 
i n i t i a l spinor 
">M-= .-=!=. (?«•>- « - \ s-?)<C = ( J ^ r W l ^ t y 
v/here Cp i s a tv/o component spinor w i t h h e l i c i t y \ . 
The ve r t e x VT^) invaIves the f a c t o r C2~^(^j Wp) v / a i l e f e r 
the vertex V (cj^ the corresponding q u a n t i t y i s 
Cl e a r l y the r e s u l t s w i l l be i d e n t i c a l on the replacement 
W—> -p'V or i ^ l n - — 7 - while changing the sign 
of the vertex f o r negative h e l i c i t y . Hence v/e have the 
r u l e VT<3, " V , * - ) - ( r ) A " r V ' C ' J j ^ - ^ t ) 
Theorem: J?or — v e r t i c e s , to o b t a i n the f l i p v ertex 
V.i v' from the non f l i c V, \' r e a u i r e s the 
s u b s t i t u t i o n s K v , t % ) - > 5 : v . a A c { ^ - r ^ " ^ - . ^ 
Proof: R e f e r r i n g to t a b l e 6 i t can be seen t h a t the only 
r e l e v a n t p a r t of the c o u p l i n g f o r -:ne spinor p a r t of the 
v/ave-functions i s Q - ( + g^X^. 7e need only 
prove the theorem f o r n a t u r a l p a r i t y v e r t i c e s because of 
the theorem proved i n pa r t ( b ) . The f i n a l s tat e v/ave-
f u n c t i o n i s 1 ^ = I 1 U,^ -f C_ I u _ J. 
Now 
From p a r i t y U_ £ e/-t- = - n_, J-* Cfi 
and U_ C U_ - Z. ( ^+32H-, ^  ^ 
Hence i j / (2> u - t - —7> C> u_ upon the s u b s t i t u t i o n s 
R e c a l l i n g t h a t f o r f l i p v e r t i c e s the angular "omentum 
f a c t o r J-t J i s d i v i d e d out we ob t a i n the r e s u l t t h a t f o r 
l / " * " V/ v/e rnaxe the s u b s t i t u t i o n s 
z & 3*,,., ^ ^ , V - > 9,.., 3 - Z ^ + 5-) • 
cy 
A :ac.ndix 3 
Covar i ; 1 at _cqu-jl brigs - or ^ ' and s - c ha'.a no 1 gal i c i 
v e r t ice s f or _bg.gpns_ 
T he 5^ ^ ' o 3' v ' 1 i n.,' 
Consider the p v e r t e x i n the r e s t frane of 
the s p i n J exchange. ih-ie spin 5 of the p .jvste.r, can 
be 0, 1 or 2 and as t/ie t o t a l angular 'noncntirn must be J 
t h 9 o r b i t a l angular n.o nentun L can taae on the values 
l i s t e d below 
f o r 3=2 L = J + 2, J + 1 and J 
S = 1 L = J + 1 and J 
and f o r 
8 = 0 L = J 
I f the exchange i s of n a t u r a l p a r i t y and hence the v/hole 
vertex has n a t u r a l p a r i t y , p a r i t y conservation i n n l i e s 
(L-)^ - (-^ ° and hence the allowed values of L are 
f o r 3 = 2 L = J + 2, and J, 3 = 1 L = J and f o r 
S = 0 then L = J. There are as a consequence 5 
independent couplings. Labeling the incoming .p by an 
index jj and tr.e f i n a l by \) the couplings are 
3 = 0 L = J %v*Q<Q*t- ••• Q,r 
s = 1 , 2 L = j | ^ Qy • • Q,_ 
S - 2 L = J - 2 9V^ Q^.- Q*_ 
3 = 2 L = J + 2 ' QVQK,Q^- • -<3«R 
C l e a r l y only the i n t e r n a l l a b e l s oC, and <^ are r e l e v a n t 
and the reduced c o v a r i a n t c oupling i s 
-/ f G -
"or bojora ±17 ±Ii ': 0 i : _ ' l -1"cJ„-i - I s b 1 ~ ^  
SD ",'3 u:_c f_ul r e s u l t s 
The rart ox t i e v e r t ex which survies 
asy npto t i c a i.ly ..nut be p r o p o r t i o n a l to Cp^ - • • • Ql/j-
as other tor.is v / i l l corres ..-on.i t o lov/er 3-dependence i n 
tl i 2 a i p l i t u i e . Us in..; t h i s r e s u l t ar: j . tac for-.iula l i s t e d 
below the asy.lpt o t i c s-channoi i i e l i c i fcy v e r t i c e s ~ i •••en i n 
t a b l e 5 -re e a s i l y rep.roiucei. 
Re L e r r i a,; t0 f i . 50 
I n i t i a l stun 1 vectors i r o n v/ u c h t.ie A it a. 3chv/ina:er 
v/ave-1 unctions are oui_,.t are 
The f i n a l spin vectors are 
e-'* a -t-
o 
mi1 
o Qt 
hen .:or and s r.all 
v/:. ta 
T = ("%.. -t ™+f>u^ and 1?' 
Append!:-: 4 
Tiie .", o1 u11 ons to l i n e a r i z e d o s c i l l a t o r 
i^qclel _.f or jnesjms _ 
D e f i n i n g p * ^ o / j x w a n d ^ ^ E / A > ^ t l 
quarh-quan: equation i n the r e s t frane i s 
ie 
R o t a t i o n a l symmetry i m p l i e s t h a t the angular moment-rn 
and i t s it component ni are good quantum numbers and 
hence v/e may v/rite the wave-function i n the form 
<7'-> ^ ' 
A. 4 .2 The jdiscre_te_...sy^Tnetriej 
i ) 
rjp i s the p a r i t y of the meson then 
r a n "cy 
I f 
because the a n t i p a r t i c l e has negative i n t r i n s i c p a r i t y 
-(-^f) i s the p a r i t y f o r the corresponding quarh quar'.c 
wave-function. Then p a r i t y i n v a r i a n c e i s 
hence Tj ^ = (r) wnicn agrees wicn tne non-
r e l a b i v i s t i c r e s u l t as j a n d |4*> are the la r g e com-
ponents . {) = JC, = J?^ ~ ^ 1 1 - t I and hence 
i i ) Charge conjugation 
'The quarlc an t i quark: wave-func t i o n 
I " t y t y i " l^fikC v / i' i e r e C i s the charge conjugation m a t r i x 
C-- I Q C - C an J C 2=-| 
Cnar.-^ e conjugation invariance i s 
where rtc i s the charge c o n j u g a t i o n p a r i t y , For the 
o a r t i c l e o a r t i c l e equation t h i s becones 
T „-l 
>-<?)> c 
E x p l i c i t l y t h i s becomes 
-1« I f t o s ^ ) ' ) ( 3 ) 
I2> '£> 
Hence 
\2> «*->/ 
For Tjp C - -v I =g> h>y/V-> oC € ^ i . e . pure spin 1 o b j e c t 
and r j ^ - -| T=> Ii>, ) o£ v/nich i s a pure spin zero o b j e c t 
tfote t h a t t h i s r e s u l t i s e x a c t l y analogous to the non-
r e l a t i v i s t i c r e s u l t ' a "ad t h i s f o l l o w s from the de c i s i o n to 
-n'l.he the i n t e r a c t i o n '^-dimensional r a t h e r than 4-
d i neasionai ( i . e . n e g l e c t i n g C^ 0 ) . Then f o r p a r i t y 
Vf^'^lr " o r C : 1 : i rS e conjugation 97-^-9^, but f o r 
a .1—dimensional i n t e r a c t i o n , under p a r i t y O^-^^c", ~ % ) . 
v/hereas charge conj u g a t i o n 6y (-;"9>) and we 
do not a u t o m a t i c a l l y o b t a i n the simple r e l a t i o n given 
by equation 4. 
Also |1> T = - 1 f C 
' Hence i f |2.> = *|S-i> +-(?(*-o> 
Then U> - (- °< (s = i> 1- (SI s-- o> ) 
A . 4 . 3 Reduction o f tae equation t o a 
s_et of Pau 1 i _s2-inor_equation_s 
The wave-function i s w r i t t e n as a 4 x 4 m a t r i x 
^fc{^ where o( i s the index corresponding to quart 1 
and ^ quarh 2. 
Hence 
L V - I («h t ) ] i f > - ( ^ ^ ) ( 5) ' 
*^(V-**)ly> = f" ff|3> + u > f f T 'ff,,> • V > f f T I (7) ^rorn 6 and 7 we o b t a i n 
^ l-O/) ^ j _ / / ? ^ > - ' ^ > ^ T £ i * t « > ' ^ ' > t f r j ( C ( ) 
w n ere / l - ^ > - |?> - \a.> etc. 
Hence from equations 1, 5, S ana 9 we o b t a i n the set 
of coupled equations 
( p + <£) I v> - i a {a- l3-z> + i 2-2>o'T} - .L a* {cr Ut2> - 12 +i> ffT] (IO b.) 
p I z > = i s ?^/v-H>-^-«>Jr} + iat{<ri<i.-t-i>-t-i«.r/>^T} ( loc.) 
•= ^ c j{gK-.>H^>6^-is T{gi^»>+M>ff T} ooa.) 
A. 4 • 4 Case_I _: The Jr0 _= so 1utions 
Charge conj u g a t i o n i m p l i e s \ 1> and |4"> are 
pure 3 = 0 st a t e s and hence. 
how tf;T= cr } c-J-- - 6- , 6^ T-- o; an J as f = O , J o*,<rJ - O 
and [oa , (5h 1 - O then 
a-1 i i - O -t- I g T = 0 
Hence equations 10c and 10d reduce to 
or |3>> - lz> 
Using t n i o r e s u l t equations 10a and 10b become 
( p - € ) l < > = - (KO'V-V i ^ { ^ l ^ > - i ^ > ^ . ( 1 2 ) 
jrom 11 and 12 v/e ob t a i n 
- I T J -
G-.4 - ( Q^ q- \ and c- Ta - f o,2 Qr \ (13) 
J e f i n i n g | ,> . ^ © ^ j jcp> ( u ) 
Then 
a { h> £ T- - -Z ^ j /CP> H -2fX>. (15) 
dote jX/* i s a spin 1 object and so the a f f e c t of 
[G'i-^^-Q- on a soin 0 object i s to step up the 
spin by one u n i t . rro.n equations 12, 13 and 15 we 
ob t a i n tne eLgn value equation 
/^)/<> - Z Q + { ^ ( X > - /7c>a*T} (16) 
I t i s e a s i l y shown t h a t 
^ l ^ l ^ ' ^ r ] - ZN^^jlf> w a e r e ( \ ^ W 
where /V i s the number operator. 
Thus s u b s t i t u t i n g in 16 v/e see t a a t i s an ei g n s t a t e 
of the number operator and 
or 
Pi 1 - ^J" - r*i£i-8^N = Mo-r&M (18) 
'fence we have s t r a i g h t Regge t r a j e c t o r i e s and as = j 
f o r 7]pc - - I ^ - Cr) j -7 c^- C-r The ground s t a t e 
s o l u t i o n i s tae pse.idoscalar O 
-) S2~ 
i?ro-n equations 12 and 15 we o b t a i n 
and 
he nust also chec': t h a t the s o l u t i o n i s non spurious 
( i . e . t h a t i t corresponds to p o s i t i v e energy). 
Let SI 0 then € N => <3 
12g> - -L ( h a r m o n i c o s c i l l a t o r state") 
^ Ch-O- state ) - - ^ O Hence 12> , 13> 0 and 
so t i i e s o l u t i o n reduces to t be product of two p o s i t i v e 
energy spinors at r e s t i n the absence of i n t e r a c t i o n . 
S2~>0 
(Hbte odd p a r i t y h.J. s t a t e s — ^ O v/hile even 
p a r i t y H.3. sta t e s > c o n s t a n t ) . Hence we 
deduce t h a t the s o l u t i o n i s non spurious. 
A. A. 5 Case I I : The "PC = +1 s o l u t i o n s 
Adding equations 10(a) and 10(b) we ob t a i n 
p h ^ > + e l^-i> - fe + ^ ) - 9 < 2 - i > 19(a) 
S u b t r a c t i n g equations 10(a) and 10(b) gives 
p l ^ - ' > t € l v< - ' > - - fa'.-^ys" 1" |2+a>. 19(b) 
Adding 10(c) and 10(d) 
S u b t r a c t i n g 10(c) and 10(d) 
- + Q1" K t i > 19(d) 
-1573-
D e f i n i n g 14 + 1> = I +"> ^nd ]4 - 1 )> = ' I • then 
from 19(a) and 19(d) v/e o b t a i n 
^ l + > + € l - > - - ^ f e + sOa (£ + &) -9 T l+> 2 0 ( a ) 
o i n i l a r l y s u o s t i t u t i n g -equation 19(c) i n t o 19(b) gives 
the r e s u l t 
S u b s t i t u t i n g the expression f o r ] -^ > i r o n 20(a) i n t o 
20(b) v/e obtain the basic etgn value equation. 
fe2- ^ ) l r > - f e - ^ S % ; - ^ Q It> ^ f e ^ R l 2 0 ( c ) 
'Tote t h a t eigr_ value equation 20(c) i s i d e r r t i c a l t o 
equation 16 f or spin zero states because l^-§> 
Nov/ from charge conjugation v.e icnov.' t h a t 11^ > and 14/* 
are spin one states and hence v/e may w r i t e 
'<-> = f | u > ^ ( ~ ;<s i<p> ) 2 1 
Now 
which i s a spin one o b j e c t . 
and . 
which io a sain zero s t a t e . Define 
Then we ob t a i n 
(22) 
Also . _. , . i 
W \ i /-a?W> aVt> \ 
[ a I l t > a r i % > i (23) 
which i s a spin one s t a t e . Note t h a t from 22 and 23 
and hence the el/pa value equation 20(e) becomes 
c< - = f ^ ^ y 
i . e . the Regge t r a j e c t o r y i s 
K - = < r ^ W r 2 . V SI - 2us 
Note t h a t there are 3 degenerate equations ( f o r l u ^ f c / ^ 
and '£^ > ) and hence there i s no e f f e c t i v e spin o r b i t 
i n t e r a c t i o n at the two component l e v e l . 
I n the case j - - ^ then the 
s o l u t i o n i s unique and we have 
l lM;i = * / > - O (24) 
For the cases j-4J±l both angular no nenta Q and 0,-tZ,. 
are allowed i n general'and the r e l a t i v e p r o p o r t i o n i s 
not determined. 
Then we ob t a i n 
a3 (a/lu^+Q+U^+iq/fijT^-Kt/^) ^ ( ^ ^ i . * ) ^ ! ^ ^ ^ ^ ) ) 
(22) 
l-SO , -4- , x \ Also 
J, 
which i s a spin one s t a t e . Note t h a t from 22 and. 23 
and hence the eign value equation 2 0 ( c ) becomes 
i . e . the Regge t r a j e c t o r y i s 
< - = < I " ^r\H-2.y 52. = S?US-
Note t h a t there are 3 degenerate equations ( f o r fJ)?J(j)> 
and ) and hence there i s no e f f e c t i v e spin o r b i t 
i n t e r a c t i o n at the two component l e v e l . 
I n the casej--^ then the 
s o l u t i o n i s unique and we have 
(2>-<s)s (N\ •= O (24) 
For the cases j - J£±| both angular no :ienta Q and Qir&. 
are allowed i n general and the r e l a t i v e p r o p o r t i o n i s 
not deternined. 
-IS"S-
i ) The case £ C^f--t-\}tl 
I t i s e a s i l y seen t h a t v/e may v/rite the 
st a t e i n the form 
Nov/ w r i t i n g 
!-(-> fl+ | N • 3 and I -> * 4. I ft] ] -^"V 
?rom equation 20(b) and equation 24 v/e have 
L e t t i n g A t-;Mc 
A, we have 
From equation 24 c^?; - ^  j Q |4--'^ > - O and hence from 
equation 19(c) we deduce t h a t \ 5") = 12/*. 
Equation 19(d) then reads - 2 p - ^ 12-*> ^ 
hence the f u l l s o l u t i o n may be w r i t t e n i n the form 
Ni t 
rJ o u e a s' a - ^ O t-^ > r^ lo s o l u t i o n ( ^  G o o 
which corresponds to the product of two p o s i t i v e energy 
s minors at r e s t and hence the s t a t e i s non-sourious. 
i i ) Case j =. Q±\-
As tne sign value equation determines only 
the number of e x c i t a t i o n s f o r a given angular momentum 
two values of the o r b i t a l momentum are p o s s i b l e . As 
state d i n the previous s e c t i o n when Tj --@ the 
s o l u t i o n i s unique. .Also f o r the le a d i n g t r a j e c t o r y 
N-4 j--0+-| and also j = N the 
s o l u t i o n s are e a s i l y seen to be unique. I n a l l these 
cases ]3^> = — 12\> or the s a a l l components have 
spin one. This motivates us t o adopt the c r i t e r i o n 
(no spin zero components) 3^g> -— I2p\ t o f i x the-
s o l u t i o n s uniquely. This i s a r b i t r a r y but as the 
f i r s t ambiguous case occurs f o r U-2, j = / i t i s 
unimportant f o r p r a c t i c a l c a l c u l a t i o n s . (V/e can, of 
course, determine a second s o l u t i o n orthogonal t o the 
o r i g i n a l f o r cases w i t n a m b i g u i t i e s ) . 
where € i s a spin one wave-function and represents 
the s p i n of the quarks. 
For pure spin 1- wave-functions ( P> = - U> ). and hence 
l3-t-2,> oC f s * , - t f l ) 9 l - > = Q (25) 
From equation 20(b) 
a n d *!.>--- ( ^ - ) i - > J s o a / * > ( ^ ) l - > - (26) 
Sanation 25 also determines the o r b i t a l mixture as i t 
imp l i e s 
l - > oC £(#-1- fe+^gt1"I Ai ; j 
- i r ? -
hioose th<* :>:.' Tali r:a t i on auch chat 
|-> - -2«= ( C ^ I A J ; j ^ 1 > - ^ - S - . ^ f e - ^ k I ^ J^> ) 
v/e ob t a i n i r o n 2 5 
and 
hence (renor i a l i z i n g x £ X ) and p r o j e c t i n g t o d e f i n i t e 
angular .no .ientun s t a t e s ; we aave 
m1 i, 
(S^) 1^4 (27) 
Prom equation 19(d) 
and as 
v/e have 
hence 
and one f u l l s o l u t i o n i s given by 
w £=-<y 
> C „ , > h ^ /VI (2 3) 
Note as S'l~> 0 , Gz-^^--^> 2SI -ad the s o l u t i o n i s 
ag;h n e.i hj j . , : i i , i ' ) ' , o . 
- 1^8-
A. 4 . 5 Lorents c o v a r i a n t form of the s o l u t i o n s 
I n the r e s t frame E = ?-i = mass of the s t a t e . 
I n boosting to a general frane we make the replacement 
<= - etc . 
The PC = -1 s o l u t i o n i s 
- Js2 ff- g \<% in-Wo) '<5lj / 
The matrix p a r t of the v/aye-function w i l l be expanded 
i n terms of the Dirac n a t r i c e s anil |N;j-=.4, ^i^>. i s take 
to be a l o r e n t z scalar .;ade iro of N , v a r i a b l e <r — j c o ntracted v/ith a wave-fu.netion I , 
r > r N 
Also 
/ O 
i n an a r b i t r a r y frame 
—- > i. ^ y. 
To o b t a i n the p a r t i c l e a n t i p a r t i c l e equation m u l t i p l y . 
C ' and hence the Lorentz c o v a r i a n t s o l u t i o n f o r 
PC = -1 i s 
| l V ; j " j K - > = Xl("-«A) + £ tf] ! ^ « > (29) 
where | N V > > - T ^ . . ^ fj^' - • • f ^ |o>. 
v/ith / i s a spin j wave-function formed iro.n (v 
snin one wave-functions. 
I n an ex a c t l y s i m i l a r manner the PC = +1 
j =. XL s o l u t i o n may be w r i t t e n i n the form 
where £L(\KC^ Z^tf^lf > 2 
i s the antisymmetric permutation symbol ^v^^ ? 11 • 
f o r even permutations of the v a r i a b l e s 0, 1, 2, 3 and 
£y>v/ X s - -1 f o r odd permutations. 
The general s o l u t i o n f o r PC = +1 i s 
(31) 
A.4 • 7 Normalization of v/ave-f unctions 
Normalization c o n d i t i o n i s 
T r < ^ \ ^ > = - S<1*£ (32) 
For the PC = -1 states 
Anything l i n e a r i n °J or vanishes as </v/Ni"l^> - O 
and also T r (odd Mo. of ^  matrices) = 0 and thus 
and hence s t a t e given by equation 29 s a t i s f i e s 
n o r m a l i z a t i o n c o n d i t i o n 32. 
For PC = + j-Jl s t a t e s 
-/bO -
and hence 
As L- P - O we ootain 
t-pL^ - t0<L°~ i n the r e s t frame t h i s has the 
eign value - J.(Qiri\ and as ^ i s an i n v a r i a n t 
and j - J? the c o r r e c t l y normalized s t a t e i s 
The n o r m a l i z a t i o n f o r j=-#-£| i s d i f f i c u l t i n 
general although the ground s t a t e vector meson solution, 
i s already c o r r e c t l y normalized 
A.4 .8 V e r i f i c a t i o n _ o f c^ o v a r i a n t s o l u t i_ons_ 
I t will-now v e r i f y t h a t equations 29, 30 and 31 
do indeed s a t i s f y the equation. 
+ lt>-~&[ <tf+ <y fHi f> (3 3 
by s u b s t i t u t i n g back: i n t o the equation 
i ) ' The PC = -1 s o l u t i o n 
v/here v;e hcwe used ~ ° because P ^ - G 
Hence we obtain 
and 
Hence c x y ^ l f V - - 2\^o-^Z ^ C 
J i..iils.?_"ly 
and t h e r e f o r e 
&«l+c<jf)\v> T-^oif^y^l^yc- (35) 
S u b s t i t u t i n g 34 and 35 i n t o equation 33 v/e o b t a i n 
Hence v/e obtain the eign value equation 
and the PC = -1 s o l u t i o n given by equation 29 s a t i s f i e s 
i i ) 2he PC = +1 s o l u t i o n 
V/e have 
where f\ € + SL ^ € - 7 a A c ( f>. A = P-V - O 
Hence 
K - i ^ r ^ ^ | ^ > - _ r i ^ - ^ ^ - ' ^ ^ ^ t e ^ X : (35) 
Also 
Hence v/e o b t a i n the equation 
I\T0W 
f r o :i which v/e deduce 
arid 
CL - f if > - - "o IV ty' A 1 v> c 
AlSO 
and as p. ^ - f , p ^  - Q 
we o b t a i n 
and hence 
o ^ f |l]/> - - 2 $ i ^ r ^ ) l 0 C (38) 
S u b s t i t u t i n g equations 36, 3.7 a^d 38 i n t o equation 33 
we o b t a i n 
which may be r e - w r i t t e n 
} l t > = o - [ iK-«x)U * '^dPH^ ' (39) 
Now v , x 
Hence we have 
AS 
o 
t 
- -
AS 
then 
Thus We may r e - w r i t e 
S acts d i r e c t l y on the s t a t e /^> 
S u b s t i t u t i n g i n t o equation 39 we see t n a t i ^ l ^ f ^ ~ 
and hence v e r i f y t h a t /lj^> i s indeed a s o l u t i o n t o 
equation 29. 
- 1 <oS-
Appendix 5 
The decay f C T + 1"^ ( "K*"-^ TT r^ c) - n example 
c a l c u l a t i o n 
The c o r r e c t l y normalized B and to - wave-functions 
are 
where the u n i t a r y spin f a c t o r s have been omitted. The 
"cine :r.? t i c s i s given i n f i x . ^ . The pseuloscalar is son 
i s replaced by the iivergence of t.x a x i a l c u r r e n t which 
i s f o r the quark 
r 
The decay amplitude f o r emission of a pseuloscalar from 
a quark l i n e i s 
-f- _ 
U:>ing the r e s u l t s 
we o b t a i n the r e s u l t 
- ( 6 lo-
Ta cing the trace t h i s becomes 
S i m p l i f y i n g and t a k i n g m a t r i x elements we get 
In an e x a c t l y s i m i l a r manner the amplitude f o r pseudo-
scalar emission from an ant i q u a r k i s 
The u n i t a r y spin wave-functions are 
using i d e a l 
•nixing o ^ / y ^ i s > , - < r ^ ^ ( ; t j g > ^ 
Hence the f u l l decay amplitude i s 
Table ca"pt.i,onsi 
1. Cross s e c t i o n , slope and h e l i c i t y s t r u c t u r e f o r 
some quasi tv/o body d i f f r a c t i v e r e a c t i o n s 
2. Regge c l a s s i f i c a t i o n scheme 
3. Tabulation of the components of the D resonances 
4. Govariant boson couplings 
5. Boson h e l i c i t y v e r t i c e s 
b. Covariant fermion couplings 
7. Fer.nion h e l i c i t y v e r t i c e s 
8. Nonsense mechanisms at a( = To 
9. TT N " H " N*( s7 a r Jb22) f i t parameters 
10. |\j IT N * ( X , f i t parameters 
11. P r e d i c t s of the c o n s t i t u e n t models of d i f f r a c t i o n . 
d i s s o c i a t i o n 
12. The d i f f e r e n t i a l s t r u c t u r e f o r f e r . r i o n 
d i s s o c i a t i o n s [33*] 
13- Coupling constants f o r electromagnetic decays [1A\ 
14. Amplitudes f o r decoys by emission of a 
pseudoscalar meson 
15. Widths f o r decay by emission of a pseudoscalar meson 
16. Ratio of . h e l i c i t y amplitudes f o r l~W | O decays [75] 
17. Amplitudes f o r d i f f r a c t i v e v e r t i c e s i n the 
l i n e a r i z e d o s c i l l a t o r model 
- i t s -
Basic op_erti_es_ of 
d i f f r a c t i v e cross-sections 
Slope B i s defined by eld = f\ Q. t L a ^ ^ \S G«V. 
•process Gros se c t i o n " ( f t ) 
Slo .J-3 
(deV- h e l i c i t y s t r u c t u r e 
. 087 .01 6 q r> i-T p 
TT hl->n"N 4030 + 120 7 - 9 3.0.H.C. 
1300 + 100 5 - 5 
2200 + 100 7 - 8 C f TJ r\ 
N W f ^ 3 030 + 300 
i 
Q - 10 q p ;• p 
1 3 -i- 6 - o "i ,"r "i O . ^  ..... O . 
100 + 30 9 - 1 1 T p T-T [2 6 l 
30 ± 10 8 .-p -1 ] p — • w • . 1 . \j • 
5 - 7 • n ."i -J .'1 [27] 
O - 10 qi p -7 r> 
400 "r 50 14 - 17 S . L/ • .1 . U . 
180 + 20 16 + 13 
N N -=> f* * u 140 + 25 51 + 15 Both t c/\. a :TOS [2 9 
50 + 5 46 + 4 — t -r-* • j - i l i . j . p o s s i b l 
NN->NF l S- 2 90 + 20 45 + 1 Both -i ck a .n-os [28' 
155 + 5 43 
! 
+ 2 1 yl i - i . T) os s i b l e 
9 
_c l a s s i ^ic ti_on scheme 
Zr oss s e t i o n 
tf = -v. ^ s 
Type a • e x c h a n g o q u an t u n n • \ • n b e r s 
J i f f r a c t i v e o - .2 vacuum quantum numbers 
forward 2 - o £ hon-stran :e r.«3on:-
s c a t t e r i n g 2.5 - 3.5 strange mesons 
bac kward 
s c a t t e r i n g 
3 - 5 baryon quan 1;urn nu r.hers 
Exotic 10 - 15 
Quantum numbers oelon ;ing 
to no known p a r t i c l e 
e.g. AQ-=3, A13 = 2, et 
TAB1-: 3 
Tabulat i o n of the partiale_s J l v/.'lich_to,~ether v/ith 
the oion na :e the Dec : resonance '0 as i n f i r 1 ; . 17 
"D resonance 1 1 Comnoneiit s t a t e Comments 
A , 
Q 
L 
N T T 
•Tot c l e a r t h a t 
(1300) 
has e i t h e r a 
resonance or a 
mass enhancemeii 
A T T 
I n n e i t h e r of t 
sta t e s i s the 
system i n a 
r e l a t i v e s-v/ave 
TAELE 4-
/arian;b _bo:3on. c oa;2lings _(.*) 
9 
3* g^Q<kQv 92%-^ g < v 
9i 9^ Q*t Q«2 -1- % 9*;r fay %Qc K 9** <Vk ^ -fi9 ^  9«s* ) 
* The n o t a t i o n i s (S\, Sz } v/here the + r e f e r s to a 
normal/abnormal co u p l i n g 
Ho.:.on b e l i e i t y v e r t i c e s ^ ( * )_ 
'CI--:') 
VC(o,z) 
VJo,z) 
_ 3 _ 
- 9 .As 
{%.-'•%)/!•• 
3,/g 
O 
1 £ M 
• - - • • 
(-IT3*,, i-ZTg, - )/p'\j2o ^ W | t T f r ( 3 ) / j j g ^ 
o 
V * M (-5,TV^i-c J : ))/2j?/. 
* 11 
i x '3 
i a r i , ; y v,y..-x, 
'/'or -ic r i n i t i o I " o r TT', R \n :. j j ± 
(*) -.'he ne 1 i c i t y n'inse couvon uionn ".r;; :o .-> ' J cob and 
".Vic : U> 7. 404 (H!3 0) n.::oo;>:-. v/c t Op-O ..J. > •> not 
i n elude a <:' ;c Dr ^ ' :or p a r t i c l e 2. 
- 1 ^ 2 -
y_2_v_ri_ i t _f_or - i 0 " jc O L ^ J I in A.f_2 
G> (z > k ) 9, fjk + 9 ^ 
(% ^  9*^ . ^  ^ * & ^ ^ 
+ (& (>, i- 9<XO Pft ft G-
Abnormal couplings 
j?lie n o t a t i o n i s (2~ ($\ > ^  ^ w.iere the j _ r e f e r s t o 
a nor :",al/aonor >:al c o u p i i n 0 . 2 he n o r m a l i t y of a 
vertex i s the product of trie three n o r m a l i t i e s at 
the vertex. 
7 
. . . . . + . a) i'er.nion . l e l i c i t v v e r t i c e s " 
4- ( t Z<W<3, t 9 t ) -T6Hr9 3 + 9^) r ^ r f J r ^ 9 ^ ) / j l ? m'* 
2^ 1 
,ib.:or v e r t i c e s : Vj| \ (£)> rtr, i " L ^ — ^ ( ^  J W-JM^C- ) ' 
P a r i t y : V~v v - i L~Y''^ x _ , ~T= * t V ^ ) , ™ ± * ('>''±>^ 
Kucleon f l i p ^ \j - —^ r e q u i r e s tne s u b s t i t u t i o n s : 
0 1 ^  The f e l i c i t y phase c o n v e n t i o n s used here are th o s e o f 
Jacob and '.v'ic'.c, r e f . AJj/ except t n a t we ta'ce $ = Oand 
do n o t i n c l u d e a f a c t o r (—^'^^ f o r p a r t i c l e 2. 
- I N S -
TABLE 8 
Sense 
% i ( * - r c ) (d-r^ k-xfL 
9 n U-T.) ( - - i ) («-T 0V l 
TTN-^TT N * ( ^ J b 8 S ) f i t parameters 
modal 
G , G 3 A 
S*F-P 
T - C H C 
S ' C H - C 
5 8 S 
- o s -OS" 
2 - 7 0 
1 -30 
•212, 
(SO 
• 2ST 
1-02, 
1- o z 
2- Zf-
G M-
T C H C 
^ - CoujolIACJ 
S-C-W-C 
t o o l 
IOJO 
T-<?0 /o 
• t o 
- S 2 b 
•ZZ 
• Coa|pl IACJ -21-9 
^ 9v > *3r - ^ ^ c ( g f c a r € e o v / a n a r t - t ncyws^ns:^ C O U ( I I ' A ^ a t ^ - ( 
TA3LS 1_OtG^ 
f i t parameters 
i£cf\amsm m o c k ) G, G* 
A*) A %y p t. 
T - C H C O l O 
- i ? 3 O l O 3- 0 
1-3 
S C H C 
3-*-
T-8 
OOfc> 
o-1 o 
T C H C o-sq 
G-M 
-7-2*7- <r.<t 
o > o 
t o 
v £ 
S C H C 0-2./ 
0 -
W W f r ^ ^ * f = ; ^ 
(b) g v (o a rovana/v-t- no nSjCALe. CCU^UAO a t / 
1 1 
pre d i e t i o n s o f trie c o n s t i t u e n t 
models o f d i f f r a c t i o n d i s s o c i a t i o n 
N-?>(M* l ^ o r r i SOA s CM- F T . <e 
state Jwc^uarfe n\cAe{ rul-e allouif'd? dff-i = 0 ? 
Y Y N Y w 
Y Y NI Y ! Y 
3 * P y - M Y i ^ a c f ; Y Sil(t>) : N Y Y ! Y 
Ni | Sufc) •• W Y Y ! N 
P *"Po- N * l l b S 6 ) N | SU(b) N Y Y 
Y Y Y i Y 
> * P , / : N * ( l ? 3 c f ; j N s a f e ) ; £ : N Y Y (V 
Y Y N Y i Y 
N Y N Y i N 
Y ! Y N Y \ Y 
Y Sulk) 1 (M Y Y 1 Y , 
q^uark r*Gd<?l s ta tes . 
Y • Y Y N 
* S , - G • N G ' N Or - N 
G : Y G •' N G ; Y G ; W G: X 
IV f^: S : N p q . y f f < • N 
Y S •- /M Y Y Y 
*Px* A 2 ( m r ) (V P b ; Y P b : Y P ^ Y 
Y Y (V Y 
5 * Y G ; N s : e
b : |V s j P b - AJ PA-s> Y 
G : Y G ; S i N G N G N Y 
G ! N G '. S : f
 b-. N G : P fc 1 />| G •. eh • (v P ^ Y 
Y Y - N Y N 
N S\ 6 : l^- ' iV Y G\fh: N f ^ Y 
Y £ : N Y % ' N 
S P G - k - - ( n o o ) N r*«. S : N «°° : Y r : N 
Y s ; N Y Y 1 1 
Y Y Y 
Y Y N Y Y 
N Cb~^ Y 0 ^ P 6 : N P b ~? Y 
Y S '. G : <\[ N ^ ; w Y 
N S : Co' 1°*' ^ r f a - > Y r
L - ? Y 
k b , c i c l - C ' A f o r ^ t t t a r ^ ' part 4 ^ 
states v cA i l s J / c6>^vA' CO-MAJ • 
- 1*4-
'TABL2 12_ 
The d i f f e r e n t i a l s t r u c t u r e f o r 
fer.n i o n d i s s o c i a t i o n s 133} 
R e a c t i o n r n a x (af) 
t « 0 
d i f f e r e n t i a l 
s t r u c t u r e 
40 rn'o/GeV2 
^ I mb/Ge'/ 2 
-2 x 10 1 -nb/'JeV2 
5 -nb/C-eV2 
•10 1 .mb/Ge7 2 
s t r o n g 
f o r w a r d peak 
f o r w a r d t>eak 
'orward d i p ? 
f o r w a r d 
p l a t e a u 
f o r w a r d d i p 
a l l o w e d 
a l l o w e d 
3U(6) 
f o r b i d d e n 
a l l o w e d 
3U(6) 
f o r b i d d e n 
- I S O -
TABL3 13 
Decay 3* (GeV" 1) (GeV 1 ) 
-2.2 -2.89 + 0.2S 
</>°-> T ° X 0 -0.15 + 0.02 
-1.2 -0.82 + 0.12 
-19/-
ABLE 14 
Quark aivip/itaci^ 
c r r o 
.(0 />v 
r c r T 
F 
+ 2A,p1-ptnIt-<J-€,c|.€l[-(c-f, 
TABLE 15 
SiaU P(i»1eV/) 
I 
K R 
TTTT 
K T 
TT rr 
S- IV-
O 
O 
4-bZ 
<r 0 b. 
O i3± 0 03 
ro. 1 ± 1 • / 
j4-b± 1 0 
9 
O 
O 
2. 
i 1 zo t x o 
A | ( l o To) 
K V 
fTT 100 
~> 1 oc 
20O - 4- 0 0 
sr*-
/<f v 
z+r-> 0 rCTT K K 
TT TT 
TTT 
KfT 
9J7T 
K K 
1 1 
O 
S"- I 
IV 3 
S"V--* 
sv> 
z 
z 
4-oti O 
~ O 
I30 ±(2 
Si'± b 
— z 
w ± / 
S2 
O 
I Z 
1 2 b 
4- r 
2.0 
R K* 
t K K ^ 
P K 
« K 
f7T 
/§ 2 
r * 
/• 4-
<r 
2 9-5"* b 
7 
1 IS" 
^ O 
~=f-
i-S' 
GO 
-INS-
TABLE 1 6 
, 0 0 / ' l l , 
I- o 0-2 G > O IS 
\- o 1 2 
TABLE 17 
A^01 i t u d e s f o r d i f f r a c t i ve _ v e r t i c e s , 
i n the l i n e a r i z e d o s c i l l a t o r .no d e l J. = o k j ^ r X d . J2_ 
, 
Proofs fl* 
- 4- w P e P Q < F ( / - V ^ f ) ^ o - ^ r 
O 
o 
0"'6r) 
o 
O 
0 $ 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
S. 
9. 
10. 
11 . 
12. 
13. 
14. 
15. 
;e_ _c£vpt i;ons_ 
D i f f r a c t i o n system. 
T y p i c a l ueson t r a j e c t o r y and p o s s i b l e 
pomeron t r a j e c t o r y , 
(a) T y p i c a l n u l t i - p e r i p h e r a l graph. 
( b ) " , ' I u l t i - p e r i p h e r a l t r e e w i t h resonances 
i n some cha n n e l s . 
D i a g r a m n a t i c r e p r e s e n t a t i o n o f t h e u n i t a r i t y 
e q u a t i o n -
C o n t r i b u t i o n s t o i n e l a s t i c i n t e r m e d i a t e s t a t e s , 
(a) An A. 7.3. c u t ( b ) A ''iandelstam c u t 
Basic tower diagrams. 
Some c o n t r i b u t i o n s t o t h e i t t e r a t e d tower. 
(a) P l a n a r diagram. 
(b) Non p l a n a r diagram where p a r t o n s pass 
each o t h e r but do n o t i n t e r a c t . 
(a) F i s o n e t Feynman diagram. 
(b & c) D u a l i t y p r i n c i p a l . . A sum over a l l 
t - c h a n n e l p o l e s i s e q u a l t o a sum over 
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f u n c t i o n i n t h e analogue model. 
Veneziano e q u i v a l e n t o f the box diagram. 
The quark quantum numbers. 
I l l u s t r a t i o n o f l i r a t i n g f r a g m e n t a t i o n where 
t a r g e t T and p r o j e c t i l e P f r a g m e n t i n t o s t a t e s T* 
and P* r e s p e c t i v e l y . 
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P o s s i b l e e x c i t e d s t a t e s o f a composite o b j e c t . 
K i n e m a t i c s f o r s p i n J exchange. 
Po.ri2ron f i t s t o the TT N-± TT N* , 
date o f r e f e r e n c e [33l 
The f u l l l i n e r e p r e s e n t s R.G.C., T.C.H.C. and 
3.C.H.C. f i t s , dashed l i n e i s t h e Y- c o u p l i n g f i t 
w i t h 3.P.P. mechanism, and the s m a l l c i r c l e l i n e 
t h e best & - c o u p l i n g f i t w i t h G.. mechanism. 
Pomeron f i t s t o the TT^-> TT N*(3C, i r i o ) . d a t a [33]. 
Again the f u l l l i n e r e p r e s e n t s R.G.C., T.C.H.C. raid 
3.C.H.C. f i t s , dashed l i n e i s t h e "tf- c o u p l i n g f i t 
w i t h e i t h e r 3.P.P. or sense mechanism, and th e s m a l l 
c i r c l e l i n e t h e b e s t c o u p l i n g f i t w i t h G.M. 
.mechanism. 
(a) Pomeron f i t s t o t h e j , d a t a o f £28*3 
f o r N ' b S S ) i n t h e h e l i c i t y frame. P u l l 
l i n e r e p r e s e n t s R.G.C. and T.C.H.C., dashed 
l i n e i s 3.C.H.C. 
(b) Pomeron p r e d i c t i o n s f o r f'J-i f o r N*(\ 1 1^2.^) 
i n the h e l i c i t y frame. P u l l l i n e r e p r e s e n t s 
K. G. 0 . and T.C.h.C., dashed l i n e i s S.C.H.C. 
and the s n a i l c i r c l e l i n e i s the p r e d i c t i o n o f 
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25. P i c t u r e o f p a r t i c l e s iv and 3 j u s t b e f o r e c o l l i s i o n 
i n t h e r e s t f r a n e o f 3. 
26. D u a l i t y diagram w i t h resonances i n t h e s and 
t channels. 
27. D u a l i t y diagram w i t h p o l e s i n t h e t and u c h a n n e l s 
28. Mass r e n o r m a l i z a t i o n diagrams f o r s and t ch a n n e l 
p o l e s . 
29. V e r t e x r e n o r n a l i z a t i o n d u a l i t y diagrams. 
30. D u a l i t y diagrams f o r vacuum, exchange. 
31 . The Bethe S a l p e t e r e q u a t i o n f o r a bound s t a t e o f 
two p a r t i c l e s i n momentum space. 
32. Some Bethe S a l p e t e r i r r e d u c i b l e graphs. 
33. Some Bethe S a l p e t e r r e d u c i b l e graphs. 
34. The Lethe S a l p e t e r e q u a t i o n f o r a t h r e e p a r t i c l e • 
bound s t a t e . V i s an i n t r i n s i c t h r e e body p o t e n t i a 
35. The c u r r e n t n o r m a l i z a t i o n f o r t h e Bethe S a l p e t e r 
equa/cion- we n e g l e c t t h e second d i a g r a m , and any 
e f f e c t s due t o r e n o r . m a l i z a t i o n . 
36. The quark i n meson i i n t e r a c t s w i t h t h e . e l e c t r o -
magnetic f i e l d , and because o f the s p i n o r 
p r e s c r i p t i o n o f t h e F.K.R. model t h e a n t i q u a r k 
a l s o changes momentum. 
37. The Bethe S a l p e t e r t r i a n g l e a p p r o x i m a t i o n f o r 
meson decay A ~> BC. 
38. C u r r e n t n o r m a l i z a t i o n i n the Bethe S a l p e t e r e q u a t i o n 
39. P r e d i c t e d mass spectrum f-.or PC = -1 mesons. 
AO. p r e d i c t e d mass spectrum f o r PC = +1 mesons. 
4 1 . K i n e m a t i c s o f decay by e m i s s i o n o f a photon o r a 
pseudo s c a l a r meson. 
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(a) Xine.nati.es f o r s c a t t e r i n g o f quark I 
on quark j 
(b) I l l u s t r a t i o n o f double s c a t t e r i n g o f quark x 
on quark j which i s c l e a r l y i n c l u d e d i n 
the s i n g l e s c a t t e r i n g a m p l i t u d e • 
C o n t r i b u t i o n o f the s c a t t e r i n g of quark i 
on quark j t o t h e s i n g l e s c a t t e r i n g a m p l i t u d e 
f o r t h e process AB — ^ A*3*. 
A c o n t r i b u t i o n t o t h e double s c a t t e r i n g a m p l i t u d e . 
C o n t r i b u t i o n o f s c a t t e r i n g o f quark C on c' 
t o t h e bar yon bar.yon s c a t t e r i n g AB — > A*3*. 
D e f i n i t i o n o f the momentum f o r t h e pr o c e s s AB —» C 
A t - c h a n n e l exchange. 
K i n e m a t i c s f o r t h e s o i l i s i o n A.8 —* CD i n the 
c e n t r e o f mass. 
The N N1 v e r t e x f o r c o u p l i n g t o a s p i n J p a r t i c l 
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